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This  report,  prepared  by  Commander  R.  L.  Mann,  Bureau  of  Yards  and 
Docks,  U.S.N.,  while  on  duty  with  the  Army-Navy  Explosives  Safety 
Board,  reviews,  summarizes  and  interprets  the  results  from  the  full  scale 
(500,000  and  250,000  net  pounds  each)  explosives  safety  tests  made  by 
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Experimental  explosions  at  the  Naval  ProvinK  Ground,  Arco,  Idaho, 
durinj?  October,  1946,  of; 

Two  standard  80-foot  earth-covered  igloo  magazines  each  containing 
500,000  pounds  TNT, 

One  standard  80-foot  igloo  magazine  with  double  normal  earth 
cover,  containing  250,000  pounds  TNT, 

One  open  revetment  containing  500,000  pounds  TNT, 

One  open  revetment  containing  250,000  pounds  TNT, 
in  which  the  foregoing  elements  were  spaced  at  half  the  minimum  dis¬ 
tances  presently  specified,  showed  that; 

Clear  distances  between  .standard  igloos  abrea.st  in  line  may  be 
reduced  to  185  feet, 
and,  at  the  same  time. 

The  maximum  quantity  of  HE  i^ermitted  per  igloo  may  be  raised  to 
500,000  net  pounds, 

without  incurj’ing  undue  risk  of  proiiagation  of  explosion  from  one  igloo 
to  another. 

The  tests  also  showed  that  reducing  the  protective  distance  to  inhabited 
buildings  prescribed  by  the  American  Table  of  Distances  by  50  percent, 
which  is  iiermitted  when  there  is  a  barricade  between  the  explosives  and 
the  building.s,  is  unwarranted  in  the  case  of  standard  earth-covered  igloos. 
It  was  demon.strated  by  the  damage  to  test  barracks  and  by  numerous 
records  of  blast  pressures  and  other  data  that  the  detonation  of  500,000 
pounds  of  TNT  within  an  earth-covered  igloo  only  justifies  a  reduction  of 
approximately  20  percent  of  the  unbarricaded  inhabited  building  distance 
prescribed  by  the  American  Table  of  Di.stances. 

A  considerable  amount  of  scientific  data  on  large  explosions  was  accumu¬ 
lated  by  representatives  of  various  Government  research  organizations. 
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PART  I.  INTRODUCTION 


The  tests  described  herein  are  a  continuation 
of  the  proj^ram  of  ammunition  storaKo  tests 
undertaken  by  the  Army-Navy  Explosives 
Safety  Board  at  the  Naval  Provinjf  Ground, 
Arco,  Idaho,  in  August  1945. 

The  program  was  originally  recommended  by 
letter  from  the  Board  to  the  Secretaries  of  War 
and  Navy  dated  10  October  1944,  as  a  measure 
to  determine  whether  standard  intermagazine 
distances  might  safely  be  reduced,  and  ammu¬ 
nition  might  safely  be  stored  in  open  stacks 
midway  between  existing  magazines.  It  was 
anticipated  that  over-congestion  of  storage 
facilities  expected  upon  the  ces.sation  of, hostili¬ 
ties,  and  consequent  serious  hazards,  might 
thereby  be  avoided  without  the  necessity  of 
purchasing  additional  land.  It  was  also  con¬ 
sidered  that  the  proposed  tests  would  extend 
the  available  data  on  quantity  distance  relations 
for  storage  of  high  explosives,  in  particular 
serving  as  a  chock  on  the  inhabited  building 
safety  distance  for  barricaded  storage  pre¬ 
scribed  by  the  American  Table  of  Distances. 

Approval  of  the  Seci'etary  of  the  War  sub¬ 
ject  to  concurrent  action  by  the  Secretary  of  the 
Navy  was  given  on  27  October  1944,  and 
approval  of  the  latter  followed  on  23  November 
1944.  Pounds  in  the  amount  of  ^90,000  from 
each  service  were  made  available  to  the  Bureau 
of  Yards  and  Docks,  Navy  Department,  which 
contracted  for  construction  of  four  test  igloo 
magazines,  three  revetments,  and  a  test  wood- 
frame  barracks  building  in  the  spring  of  194-5. 
A  quantity  of  obsole.scent  and  sui'idus  TNT  and 
Torjiex  loaded  bombs  and  mines  was  made 
available  by  the  Ordnance  Department,  Army, 
and  the  Bureau  of  Ordnance,  Navy  Department. 
The  t<’sts  were  started  29  Augu.st  and  concluded 
on  19  October  1945. 

The  1945  tests  indicated  that: 

fa)  The  Armv'  standard  intra-line  snacing 
of  400  feet,  clear  distance  edge-to-edge,  between 

Tho  Navy  <:tan<lRr<l  has  boon  500  foot. 


earth-covered  reinforced  concrete  arch-type 
(“igloo”)  magazines  limited  to  250,000  net 
pounds  of  high  explosives  in  each,  may  be  re¬ 
duced  to  185  feet  (the  clear  distance  resulting 
when  an  additional  magazine  is  built  midway 
between  two  existing  ones  at  standard  interval) 
without  appreciable  risk  that  a  detonation  of 
the  entire  contents  of  one  such  magazine  will 
propagate  to  another, 

(b)  Structural  damage  done  to  an  igloo 
when  a  250,000-pound  charge  is  detonated  in 
a  neighboring  igloo  at  185-foot  clear  distance 
is  slight, 

(c)  When  250,000  pounds  of  high  explosives 
are  detonated  in  an  open  revetment  between 
igloos  400  feet  apart,  it  is  improbable  that  the 
explosion  will  propagate  to  either  igloo,  and 
they  will  not  suffer  severe  damage, 

(d)  A  two-story,  wood-frame,  standard-type 
barracks  building  is  not  entirely  .safe  from 
structural  damage,  and  its  occupants  are  likely 
to  suffer  severe  injury  from  flying  fragments 
of  window  glass,  when  250,000  net  pounds  of 
high  cxplosive.s  are  detonated  within  an  earth- 
covered  igloo  magazine  at  a  distance  of  2,155 
feet,  the  safety  distance  specified  by  the  Ameri¬ 
can  Table  of  Distances  for  inhabited  buildings 
from  a  barricaded  storage  of  such  quantity. 

Reference  (1)  is  the  detailed  report  on  the 
1945  tests. 

At  a  meeting  on  19  February  1946,  the  Board 
voted  to  continue  the  test  program  during  the 
coming  summer,  inasmuch  as  adequate  funds 
remained  on  hand  and  it  api)eared  that  further 
Information  of  vital  concern  to  the  armed  forces 
with  resjiect  to  the  safety  of  explosives  and 
surrounding  structures  and  personnel  could  be 
obtained. 

It  was  decided  to  inve.stigate  further  the 
possibility  of  safely  increasing  the  potential 
storage  capacities  of  exi.sting  ammunition  stor¬ 
age  reservations,  without  the  necessity  of 
acquiring  additional  land,  bv  raising  the  pre.s- 
ent  limit  per  igloo  magazine  to  500,000  net 
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pouncls  of  hiyh  explosives.  If  this  could  be 
done  without  risking  the  propagation  of  an 
accidental  explosion  of  one  unit  to  its  neigh¬ 
bors  with  consequent  probable  catastrophic 
losses  and  damage,  the  volumetric  capacities  of 
individual  igloo  magazines  could  be  twice  as 
efficiently  utilized  for  stowage  of  bombs, 
mines,  and  other  ammunition  of  high  charge- 
to-weight  ratio,  except  in  cases  of  magazines 
on  the  peripheries  of  storage  areas  whose  dis¬ 
tances  from  the  nearest  inhabited  buildings 
would  not  be  adequate  to  permit  their  contain¬ 
ing’,  greater  quantities  of  hig’h  explosives  than 
250,000  net  pounds.  This  would  result  in 
nearly  doubling  the  storage  capacities  of  exist¬ 
ing  depots  and  ar.senals,  more  particularly  in 
the  cases  of  the  larger,  isolated  reservations, 
without  any  physical  change  whatsoever. 

It  seems  pertinent  to  note  that  the  maximum 
concentration  provided  for  by  the  American 
Table  of  Distances  is  500,000  net  pounds  of 
explosives.  The  armed  forces  have  long 
limited  the  quantity  per  storage  unit  to  250,000 
pounds,  which  for  strategic  and  economic 
rca.sons  was  regarded  as  the  maximum  quantity 
whose  loss  could  be  ri.sked  at  one  time.  How¬ 
ever,  with  the  close  of  World  War  II  ammuni¬ 
tion  tonnages  on  hand  were  so  vast  that  the 
earlier  considerations  were  no  longer  valid,  and 
the  (iue.stion  of  .safety  of  surrounding  popula¬ 
tions  and  .structures  and  the  avoidance  of  major 
losses  became  the  only  impediments  to  rai.sing 
the  limit. 

The  Board  further  contemplated  that  it 
might  be  both  safe  and  feasible  to  double  the 
quantity  per  magazine  at  halved  intra-Hve. 
spacinn,  which  would  result  in  a  potential  four¬ 
fold  increase  in  the  tonnage  storable  at  a  given 
depot  without  acquiring  additional  land.  Stud¬ 
ies  of  typical  Army  layouts  such  as  those  at 
Tooele,  Utah,  and  Umatilla,  Oreg.,  revealed 
that  the  number  of  magazines  per  block  (u.su- 
ally  100  units  on  a  10x10  isometric,  or  diamond- 
pattern,  grid,  with  the  long  dimen.sions  of  the 
•  magazines  parallel  to  the  long  axes  of  the 
diamonds,  and  separation  distances  400  feet 
each  way)  could  be  doubled  without  increasing 
the  outside  dimensions  of  the  block,  merely  by 
adding  a  new  magazine  at  each  halved  intra-linc 
interval  wherever  possible.  The  term  “line” 
as  used  herein  refers  to  a  row  of  magazines  in 
which  the  units  are  abreast  of,  or  parallel  to. 


each  other,  and  not  to  lines  at  60°  or  120  to 
the  iirst  line.  In  placing  the  new  magazines  as 
described  above,  the  number  of  lines  is  not 
increa.sod,  but  the  number  of  units  per  line  is 
doubled.  Each  new  magazine  so  placed  would 
be  185  feet,  clear  distance,  from  its  immediate 
neighbors  in  line,  and  360  feet,  clear  distance, 
from  the  units  directly  in  front  of  and  behind  it. 
These  distances,  then,  were  chosen  by  the 
Board  for  the  separation  of  the  magazines  in 
the  Arco  tests.  Studies  of  typical  Naval  ord¬ 
nance  depots  also  indicated  that  the  number  of 
magazines  per  block  could  be  doubled,  but  since 
in  Naval  layouts  the  long  dimensions  of  the 
magazines  were  usually  placed  perpendicular 
to  the  long  dimensions  of  the  diamonds,  the 
new  magazines  would  probably  have  to  be 
placed  at  right  angles  to  the  exi.sting  ones  in 
order  to  obtain  optimum  distances  and  make 
use  of  existing  roads. 

Having'  studied  the  rather  unexpectedly 
severe  damage  to  the  test  barracks  building  and 
particularly  to  the  extensive  flying  gla.ss  in  the 
1945  test  in  conjunction  with  a  review  of  the 
design  of  the  standard  igloo  magazine  and  its 
earth  cover,  Capt.  E.  R.  Gayler,  CEC,  USN 
(ret.),  member  of  the  Board,  brought  out  that 
the  weight  of  earth  cover  in  pounds  per  pound 
of  explosive  .stored  in  the  .standard  igloo  (about 
12)  was  much  less  than  the  corresponding  ratio 
(about  37)  for  the  type  of  storage  used  for 
many  decades  by  commercial  dynamite  and 
powder  manufacturers  and  consequently,  that 
the  igloo  could  not  be  expected  to  damp  the 
blast  wave  as  much  as  the  old  conventional 
.storage.  If  this  were  so,  it  followed  that  ex¬ 
plosives  stored  in  .standard  service  igloos  could 
not  be  considered  fully  “barricaded”  in  the 
seii.se  of  the  term  contemplated  by  those  who 
formulated  the  American  Table  of  Distances, 
and  the  halving  of  the  .standard  ATD  safety 
distance  permitted  for  barricaded  storage  was 
unwarranted  in  the  case  of  these  magazines. 
Captain  Gayler  postulated  that  it  was  not  un¬ 
likely  that  if  the  earth  covering  on  a  modern 
magazine  were  increa.scd  to  35  or  40  pounds 
per  pound  of  high  explosive,  that  the  structure 
could  be  considered  barricaded  and  possibly 
the  pre.sent  safety  di.stances  maintained. 

Accordingly,  the  Board  proposed  to  perform 
te.sts  using  a  number  of  one-tenth  scale  model 
igloos  which  were  available  to  determine  the 
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efl'ect  that  heavily  increased  earth  cover  on 
ifcdoos  would  have  on  blast  phenomena.  (These 
model  tests  were  held  in  the  summer  of  1946 
and  are  reported  in  reference  2.)  It  was 
further  agreed  that  the  last  remaining  large- 
size  igloo  in  the  1946  program  would  be  covered 
with  additional  earth,  in  order  to  obtain  further 
data  on  the  effects  of  augmented  cover  on  blast 
damage  and  window  breakage  in  nearby  habi¬ 
tation-type  structures  in  a  full-scale  test. 

■  Inasmuch  as  unacceptably  severe  damage  and 
flying  glass  had  occurred  in  a  building  at  the 
halved  (barricaded)  ATD  inhabited  building 
distance  in  the  1945  test,  it  was  decided  to  place 
several  buildings  at  various  distances  from  the 
explosion  in  the  1946  test,  with  a  view  to  ob¬ 
taining’  information  on  the  diminution  in  dam¬ 
age  with  increasing  distance  and  determining 
what  safety  distances  should  be  maintained 
between  inhabited  buildings  and  high  explo¬ 
sives  in  igloo  type  magazines.  The  plan  as 
finally  approved  called  for  three  buildings,  one 
at  the  ATD  distance  for  barricaded  storage 
(half  the  distance  for  unbarricaded  storage), 
one  at  two-thirds  of  the  distance,  unbarricaded, 
and  one  at  the  full  distance  unbarricaded.  It 
was  believed  that  both  a  degree  of  damage 
which  might  be  deemed  acceptable  and  the 
limiting  di.stance  for  flying  glass  would  fall 
between  these  limits. 

The  Board  evinced  considerable  intere.st  in 
tests  of  window  glass  and  glass  substitutes,  in 
the  hope  of  finding  some  material  that  would 
either  withstand  blast  or  break  into  harmless 
pieces,  and  at  the  same  time  be  economical 
enough  for  widespread  use.  Some  previous 
blast  te.sts  of  glass  had  been  made,  but  only 
with  small  quantities  of  explosives,  and  it  was 
felt  that  this  program  offered  a  worthwhile 
opportunity  to  compare  the  behaviour  of  vari¬ 
ous  commercially  available  glazing  materials 
under  realistic  conditions  and  under  impinge¬ 


ment  of  blast  waves  having  long  impulse-times, 
such  as  are  generated  only  by  explosions  of 
large  charges. 

Approval  by  the  Secretary  of  War  and  the 
Secretary  of  the  Navy  (Facilities  Review 
Board)  .for  the  continuance  of.  the  program 
was  given  in  early  April  1946,  and  the  Bureau 
of  Yards  and  Docks  then  contracted  for  the 
construction  of  the' test  structures,  i.e.,  two 
igloos,  two  revetments,  and  three  modified  bar¬ 
racks.  Surplus  and  unserviceable  ammunition 
in  the  form  of  aircraft  bombs  and  anti-tank 
mines  was  furnished  by  the  Ordnance  Depart¬ 
ment,  Army.  The  Board  acquired  blast  gages 
from  several  ag’encies,  and  arranged  for  a  con¬ 
tract  to  be  entered  into  by  the  Naval  Ordnance 
Plant,  Pocatello,  Idaho,  for  the  taking  of  high¬ 
speed  motion  pictures.  The  construction, 
loading  of  magazines  and  revetments,  accumu¬ 
lation  of  instruments  and  other  preparations 
were  completed  early  in  September,  and  accord¬ 
ingly  the  first  explosion  was  .scheduled  to  be 
held  on  1  October  1946. 

The  unprecedented  size  of  these  experimental 
explosions  of  conventional  military-type  high 
explosives  evoked  interest  on  the  part  of  a  num¬ 
ber  of  scientific  organizations  who  parti'cipated- 
in  the  program  in  order  to  record  close-range 
blast  phenomena,  meteorological,  and  seismic 
data  at  long  distances,  and  obtain  other  infor¬ 
mation  of  scientific  and  engineering  interest. 
These  activities  were  coordinated  through  the 
Bureau  of  Ordnance  and  the  Office  of  Naval 
Research.  Included  among  the  participating 
organizations  were  the  Naval  Ordnance  Labo¬ 
ratory,  Wa.shington,  D.  C. ;  Naval  Ordnance 
Test  Station,  Inyokern,  Calif. ;  Signal  Corps 
Engineering  Laboratories,  Belmar,  N.  J. ; 
United  States  Weather  Bureau,  Washington, 
D.  C. ;  St.  Louis  University,  St.  Louis,  Mo.; 
Woods  Hole  Oceanographic  Institution,  Woods 
Hole,  Ma.ss. 
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PART  II.  OBJECTS  OF  THE  TESTS 


V 

The  primary  purposes  of  these  tests  were  to 
determine; 

(1)  Whether  the  present  explosives  limits 
for  standard  80-foot  Army  and  Navy  ijrloo  type 
magazines  could  be  safely  raised  from  250,000 
to  500,000  net  pounds  of  high  explosives  with¬ 
out  increasing  the  present  standard  intermaga¬ 
zine  distances. 

(2)  Whether  the  present  .standard  Army 
and  Navy  igloo  type  intra-line  distances  could 
be  reduced  one-half  if  the  explosives  limit  were 
raised  to  500,000  net  pounds  of  high  explosives. 

(3)  What  safety  distances  should  be  main¬ 
tained  between  unbarricaded,  inhabited  build¬ 
ings  and  standard  Army  and  Navy  igloos  con- 

PART  III. 

I .  Description  of  Site  and  Field  Conditions. 

(a)  Location. — The  Naval  Proving  Ground, 
Arco,  Idaho,  a  subsidiary  of  the  Naval  Ord¬ 
nance  Plant,  Pocatello,  Idaho,  is  about  65  miles 
northwest  of  Pocatello  on  U.  S.  Route  20,  and 
about  20  miles  east  of  the  small  town  of  Arco 
from  which  it  takes  its  name.  The  area  se¬ 
lected  for  the  testa  was  a  level  stretch  of  terrain 
about  2  miles  long  by  1  mile  wide,  located  near 
the  middle  of  the  proving  ground.  This  site 
was  ideal  for  the  purpose,  as  there  were  no 
obstructions  to  vision  in  any  direction,,  and 
isolation  was  adequate,  the  nearest  buildings 
being  about  8  miles  away. 

(b)  Topw/raphif. — The  proving  ground  lies 
on  the  Snake  River  Plain,  a  relatively  level 
desert  region  stretching  generally  to  the  west 
and  northwest' from  the  Snake  River  in  south¬ 
eastern  Idaho.  Ten  miles  to  the  west,  the 
southern  spurs  of  the  rugged  Lo.st  River  Moun¬ 
tains  rise  abruptly  from  the  plain.  On  each 
side  of  this  range  is  a  valley  in  which  a  river 
flows  southwesterly  out -into  the  plain,  the  Big 
Lost  River  to  the  south  and  the  Little  Lost 
River  to  the  north.  The  two  rivers  approach 
each  other  in  the  north  end  of  the  proving 
ground  where  they  disappear  in  “sinks.”  To 
the  north  and  southwest  at  greater  distances 
lie  other  ranges  comprising  the  southern  limits 


taining  500,000  net  pounds  of  high  explosives. 

(4)  The  possibility  of  reducing  t’  Tect  of 
a  detonation  of  the  explosives  contai,:  I  in  an 
igloo  type  magazine,  by  increasing  the  \  olume 
of  earth  cover  on  the  igloo. 

(5)  What  types  of  window  glass  and  sub¬ 
stitutes  might  reduce  the  dangers  of  injury 
from  broken  glass  to  a  minimum. 

(6)  The  danger  radius  for  the  blasting  of 
broken  glass  from  windows. 

(7)  The  velocity  and  pressure  of  the  shock 
waves  iti  air  and  other  phenomena  attending 
large  detonations,  by  means  of  high-speed  mo¬ 
tion  picture  cameras  and  other  instruments 
and  gages. 

PROCEDURE 

of  the  high  mountain  masses  of  south  central 
Idaho.  To  the  east  and  south,  the  desolate 
plain  stretches  away  for  from  40  to  60  miles  to 
the-  banks'  of  the  Snake,  but  its  monotony  is 
relieved  by  numerous  large  and  small  buttes 
of  eccentric  shapes.  The  largest  of  these,  Big 
Southern  .Butte,  is  about  12  miles  south  of  the 
proving  ground,  and  rises  2,300  feet  above  the 
surrounding  plain.  The  average  elevation  of 
the  proving  ground  is  about  4,850  feet.  Vege¬ 
tation  on  the  plain  includes  sagebriush.  bunch 
grass,  dw'arf  cacti,  and  an  occasional  stunted 
cedar. 

(c) .  Climate  (Did  Weather. — The  region  is 
.semiarid,  with  a  mean  annual  precipitation  of 
12.5- inches,  mo.st  of  which  falls  in  the  winter 

■and  spring.  During  the  tests,  the  weather 
..varied  from  overca.st  with  lig'ht  rain  in  the 
••morning  just  before  the  first  explosion,  to 
bright,  cloudless  days  for  sub.sequent  tests.  The 
air  was  usually  .still  in  the  mornings  but  a 
breeze,  generally  from  the  southwest,  sprang 
up  in  the  afternoon.s,  reaching  velocities  of 
about  20  miles  per  hour  on  some  occasions. 
The  temperature  varied  from  45  to  62°  F..  and 
the  barometer  from  25.00  to  25.19"  Hg.,  and 
the  mean  relative  humidity  was  70-80  percent. 

(d)  Geolof/y. — The  plain  was  formed  when 
repeated  lava  flows,  mainly  in  the  Pliocene, 
surged  from  fissures  and  vents,  filling  a  .wide. 
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deep  clepres.siou. '  The  upper  layers  consist  of 
hasalt  and  kindred  volcanic  rocks  locally  inter- 
bedded  with  sediments,  which  were  laid  down 
intermittently  until  Pleistocene  and  in  some 
instances  until  Recent  times.  (Craters  of  the 
Moon  National  Monument,  with  lava  flovys  only 
a  few  hundred  years  old,  is  located  about  40 
miles  southwest  of  the  proving  ground.)  The 
great  mass  of  volcanic  rock  underlying  the' 
plain  is  termed  the  “Snake  River  Ba.salt,”  and 
its  total  thickness  is  of  the  order  of  1  mile.  In 
numerous  places  older  basaltic,  rhyolitic  and 


tracytic  formations  emerge  from  the  plain, 
forming  the  buttes.  There  is  evidence  that 
many  of  these  were  volcanoes.  Over  much  of 
the  plain  the  basalt  is  bare  or  nearly  so  but  on 
the  te.st  site  there  is  an  overburden  of  sand  and 
gravel  up  to  perhaps  20  feet  thick,  broii.ght 
down  by  streams  from  the  adjoining  moun¬ 
tains.  Covering  the  alluvium  is  a  layer  of  loess 
from  1-  to  6-feet  thick.  The  latter  material 
was  classified  as  a  silty  sand  by  the  United 
States  Engineer  Office,  Portland,  Oreg. 
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2.  Field  layout. 

(a)  General. — Fij^ure  1  is  a  }?eneral  plan  of 
the  test  area,  showing  the  three  igloos,  two 
revetments,  and  three  barracks  buildings.  It 
also  shows  locations  of  acces.sory  'structures,  ‘ 
such  as  the  firing  station  and  camera  .stations, 
and  of  the  observation  station,  4.1  miles  .south¬ 
west  of  Igloo  D.  For  a  general  view  of  the 
scene  from  the  vicinity  of  one  of  the  barracks, 
see  figure  2. 

(b)  IfflooK. — All  igloos  were  earth-covered, 
reinforced  concrete  arch  lyp“,  con.structed  in 
accordance  with  standard  plans.  For  various 
views  of  these  structures,  see  figures  3  to  6,  in¬ 
clusive.  Igloo  I)  was  of  Navy  type  (Bureau 
of  Yards  and  Docks  drawing  no.s.  357423- 
357430,  inclusive)  with  a  door  barricade,  but 
the  door  itself  was  of  Army  type.  Igloos  E  and 
F  were  of  Army  medium-footing  type  (Corps 
of  Engineers,  Army,  drawings  nos.  652-667- 


652-693,  inclusive)  w'ithout  ■ 

door 

barricade. 

Major  dimensions  were  as  follows: 

.  fr»iiv 

.VrtfV. 

Length,  inside  .  . 

81' 

80' 

Width,  inside  . 

2f.'-G" 

25' 

•Crown  height  above  floor, inside 

12'-9" 

12'-1-14" 

Radius  of  i;.trados . 

13'-6" 

12'-9-'>4" 

Arch  thicknes.s  at  crown . 

0" 

6" 

Arch. thickness  at  springing 
section . 

l'-4" 

lO^ft" 

End  wall  thickness . 

12" 

10" 

Thickness  of  earth  cover  at 

Clown  . 

2' 

2' 

Arch  barrel  reinforcement  in  the  Army  igloo 
consisted  of  |V'  round  rods  12"  o.'c^  trans¬ 
versely  and  ■,')("  round  rods  3'  o.c.  longitudinally, 
in  each  face.  In  the  Navy  igloo  it  consisted  of 
4"  X  4"  wire  mesh  weighing  62  pounds  per 
square  feet,  in. the  extrados  .surface  only.  The 
concrete  mix  was  designed  for  a  compressive 
strength  of  2,500  pounds  per  square  inch  at  28 
days.  The  Navy  design  was  a  war-time  type 
in  which  steel  had  been  omitted  becau.se  of 
con.servation,  whereas  the  Army  plans  were  for 
prewar  construction  and  brooked  no  sacrifice  in 
safety  factor.  How'ever,  the  differences  in  re¬ 
inforcement  were  inconsequential  as  the  Navy 
igloo  was  the  first  to  be  exploded.  The  amount 
of  earth  cover  on  the  Navy  igloo  was  about  30,- 
000  cubic  feet,  whereas  that  on  the  Army  igloo 
which  is  not  concentric  but  is  carried  out 
further  horizontally  before  curving  down  to  a 
1(2^  slope  was  about  40  percent  greater,  or 
42,000  cubic  feet.  The  Navy  igloo  had  a  door 
barricade  containirr  about  6,000  cubic  feet. 
The  earth  was  borrowed  fiom  a  pit  near  the 
igloo  site,  and  consisted  of  a  silty  sand  contain¬ 
ing  about  15  percent  gravel.  It  might  have 
been  suspected  that  the  differences  in  shape 
and  amount  of  cover  would  cause  some  differ¬ 
ence  in  bla.st  pres.sures,  particularly  directly  in 
front  and  close  to  the  igloo.  Subsequent  to  the 
second  test  and  in  preparation  for  the  explosion 
of  Igloo  F,  the  cover  on  that  igloo  was  increased 
to  approximately  twice  the  normal  value  and 

■■•ne- 


KiGlTRE  4.  Thi'cc-quaiter  view  of  Iploo  D  from  I'car 
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Fici’re  5.  Three-quarter  view  of  Igloo  E  from  rear 


Figure  6.  Three-quarter  front  view  of  Igloo  F 
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NOTE-- 


ERONT  SLOPE  (FROM  TOP  OF  FILL  TO 
EDGE'  OF  COPING)  AND  REAR  SLOPE 
WERE  .  I  '  I  . 

'  Fkil'RK  7.  Cross-section  of  increased  earth  cover  on  Igloo  F  for  Test  d 
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made  .to  the  shape  illustrated  by  figure  7.  In 
placing  earth  on  the  igloos,  tvater  was  used  as 
an  aid  in  obtaining  compaction. 

(c)  Revetments.- — Both  revetments  were  of 
.standard  cros.s-section .  used  by  the  Army  for 
surrounding  open  stacks  of  ammunition,  being 
7'  high,  3'  wide  on  top,  and  having  side-.slopes 
of  II  oil.  The  inside  plan  measured. 30' 'x. 80', 
in  the  case  of  revetment  1,  which  was  made 
especially  large  in  order  to  accommodate  500,- 
000  pounds  of  .TNT.  Revetment  2  wa.s  30'  x  55' 
in  i)lan  insidi'.  Figures  8  and  0  are  photo¬ 
graphs  of  these  revetments. 

(d)  Rarvacks,- , —  The  three  .  barracks-tyne 
buildings  were  identical  two^story  wood-frame 
structures  of  the  simplest  type  of  construction. 
They  were  founded  on  timber  posts,  had  gable 
roofs,  double-hung  windows,  and  were'  without 
interior  fini.sh,  trim  or  equipment  of  any  kind. 
Aside  from  their  foundations,  they  were 
structural  prototy])e.s  of  Navy  frame  R-IB 
barracks  (Bureau  of  Yards  and  Docks  draw¬ 
ings  nos.  188655-188661)  but  were  only  3' 
instead  of  14  bays  long.  Exterior  siding  was 
15  pound  asiihalt-saturated  felt,  secured  with 
roofing:  nails  and  vertical  wood  battens.'  over 
diagonal  wood  sheathing.  They  were  36'.  x  37' 
in  plan  and  were  26'  high  from  gi'adeto  bottom 
of  second-floor  ceiling  joists.  For  i)lanR  and 
general  \'iews,  see  figures  10.  11,  and  12.  The 
30  windows  of  each  building  were  glazed  in 
accordance  with  a  scheme  for  te.stin.g  ^various 
kind.s  of  glass  and  glass  substitutes,  as  listed 


and  depicted  in  figure  13.  Each  building  was 
so  oriented, that  there  \yas  an  angle  of  30°. be- 
tw’een  the  plane  of  the  east  elevation  and  .the 
line  from  the  center  of  Igloo  D.  The'  glazing 
materials  used  were  as  follows : 

(1)  Conimon  double-.'itrcoigth  slieet  window,  glass, 
B  quality  (Federal  Specifieatioii  DD-;(i--4.'>l). 
This  was  installed  in  various  window  lights  in 
the  normal  manner  using  glazier's  points  and 
putty  on  the  outside  of  the  sash.  One  window 
in  the  north  wall  of  each  building  was  entirely 
glazed  with  this  glas.s  and- hacked  up  hy  gal¬ 
vanized  steel' wire  mesh,  Va"  square  opening, 
0.08"  wife,  the  latter  being  cut  to  fit  each  sash 

,  and  well  stapled  to  the  inside  surfaces  of  the 
sash  rails  and  stiles. 

(2)  Wire  glass,  ’1"  thick,  installed  in  normal 
manner. 

(3)  “Luimapane,"  a  product  of  Celaiie.se  Plastics 
Corp.,  180  Madison  Ave.,  New  York  City.  This 
comprises  a  laminate  of  two  sheets  of  0.01.')" 
clear  cellulose  acetate  with  14  mesh  wire  screen 
in  between.  The  screen  greatly  impairs  vision 
through  this  material.  It  was  mounted  as  indi¬ 
cated  in  figure  13. 

(4)  “Viinlite,”  also  produced  hy  Celanese  Plastics 
Cor]).,  is  12  mesh  wire  screen  coated  with  cellu¬ 
lose  acetate.  It  is  little  thicker  than  the  bare 
screen,  and  is  translucent  but  hardly  trans¬ 
parent.  It  was  mounted  as  indicated  in 
figure  13. 

(5)  “Liimarith,”  also  a  Celanese  Pla^tic.s  Corp. 
product,  is  clear  cellulose  acetate  sheet.  The 
thickness  used  in  these  tests  was  O.Od".  It  was 
mounted  according  to  figure  13. 
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Figure  8.  Revetment  1,  three-quarter  .front  view 
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Figi're  10.  Construction  Plans,  Test  Barracks  . 
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Figure  11.  Throo-Guartc-  view  of  one  of  the  liar.acks,  looking,  southeast 


Figure  12.  •  Interior  view  of  the  second  floor  of 


one  of  the  barrack.s,-  lookiiiK  northeast 
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Section  Thru  Muntin 


Types 

a  Quantities  Of  Glazing  Materials  In  Each  Building  For 

Test  1 

KEY  NO 

MATERIAL 

SIZE 

37-|-’'  X  I4i' 

llfx  14^ 

BLANK 

DS  SHEET  GLASS 

17 

104 

147 

1 

SAME,  BACKED  BY-g  SQ,N0I4 

WIRE  MESH 

8 

- 

- 

2 

WIRE  GLASS, "plain, THICK 

4 

8 

7 

3 

LUMAPANE, .035" 

2 

B 

B 

4  • 

VIMLITE,  .03" 

2 

B 

B 

5 

lUMARITH,  .06“ 

1 

4 

B 

« 

LUCITE,.06" 

1 

4 

5 

6 

LUCITE,  .15" 

1 

2 

3 

7 

TEMPERED  GLASS, 

I 

2 

2 

8 

FLEXSEAL,-^ 

1 

2 

2 

9 

OUPLATE,^ 

2 

2 

2 

•  12 


Figure  13.  Glazing  Plan  for  Barracks,  Test  No.  1 


(C)  “Lucite,”  a  dear  sheet  of  acrylic  resin,  product 
of  K.  I.  Du  Pont  de  Nemours  &  Co.,  Wilming¬ 
ton.  Del.  Thi.s  was  tested  in  two  thicknesses, 
0.0<!''  and  0.015".  It  was  mounted  in  the  same 
manner  as  the  other  plastics  but  the  stapling 
was  omitted,  on  recommendation  of  the  manu¬ 
facturer. 

(7)  “Duplate,”  a  laminated  safety  plate  glass  (two 
sheets  of  i)late  glass  with  a  vinyl  butryacetate 
core)  M"  in  thickness,  produced  by  the  Pitts¬ 
burgh  Plate  Glass  Co.,  Pittsburgh,  Pa.  •  'This 
was  mounted  with  glazier's  points  and  putty  in 
the  usual  manner. 

(8)  ‘‘Flexseal,”  also  a  laminated  plate  glass 
thick,  is  similar  to  Duplate  but  the  core  extends  ' 
beyond  the  edges  of  the  glass  •  itself,  and  is 
made  the  full  thickness  of  the  plate.  The  ex¬ 
tended  plastic  is  .secured  to  the  frame  and 
acts  as  a  shock  absorber,  minimizing  stresses 

•  in  the  glass.  This  plate  must  be  made  up  at 
factory  in  sizes  specified.  It  is  manufactured 
by  the  Pittsburgh  Plate  Glass  Co.  Installation 
was  by  glazier's  points  and  putty. 

(9)  “Herculite,”  a  tempered -plate  glass  Vi"  thick, 
also  made  by  the  Pittsburgh  Plate  Glass  Co.  In 
the  tempering  process,  the  outer  surfaces  of  the 
plate  are  suddenly  cooled  while  the  core  cools 
slowly,  placing  the  former  in  compression  and 
the  latter  in  tension.  Having  initial  compres¬ 
sion,  the  extreme  fibers  are  not  as  highly 
stressed  in  tension  under  flexure  and  hence  the 
plate  is  much  .stronger.  This  plate  cannot  bo 
cut  after  manufacture.  Mounting  was'  in  the' 
usual  manner. 

The  buildings  were  located  at  distances  from- 
Igloo  D  as  specified  by  the  American  Table  of 
Di.stances'  for  inhabited  buildings  for  500,000 
net  pounds  of  explosives,  as  follows:  Building 

1,  2,705  feet  (barricaded  distance)  ;  Building 

2,  3,605  feet  (two-thirds  the  unbarricaded  di.s- 
tance)  ;  and  Building  3,  5,410  feet  (full  un¬ 
barricaded  distance) .  •  After  the  second  test 
and  before  the  explosion  of  Igloo  F,  Building  I 
was  repaired  and  reglazed,  but  the  other  build¬ 
ings  were  left  as  they  were. 

3,  Order  of  tests. 

(a)  Detonation  of  explosives  -in  Igloo  D 

(500,000  pounds),  1  October  1946. 

(b)  Detonation  of  explosives  in  Igloo  E 

(500.000  pounds),  8  October  1946. 

(c)  Increase  of  earth  cover  on  Igloo  F..  Re¬ 
pair  and  reglazing  of  Barracks  1. 

(d)  Detonation  of  explosives  in  Igloo  F 

(250,000  pounds),  16  October  1946. 


(e)  Detonation  of  explosives  in  Revetment  1 
(500,000  pounds),  23  October  1946. 

(f)  Detonation  of  explosives  in  Revetment  2 
(250,000  pounds),  25  October  1946. 

4.  Explosive  charges. 

(a)  Ijjloos  D  and  E. — These  igloos  were 
identically  loaded.  Each  contained  930  Navy 
Mark  36  1,000  pound  aircraft  demolition 
bombs,  stacked  as  illustrated  by  the  diagram, 
figure  14.  Figure  15  is  a  photograph  taken 
through  the  open  doorway  of  Igloo  E,  showing 
the  completed  stacks.  .  The  net  weight  of  TNT 
filler  per.  bomb  was  .538  pounds,'  and  the  total 
net  weight  of  TNT  per  magazine  was  500,340 
pounds.- 

(b)  Igloo  F. — This  magazine  was  loaded 
with  465  of  the  same  type  of  bombs  as  used  in 
Igloos  D  and  E.  The  total  net  charge  weight 
was  250,170  pounds.  The  .stacking  plan  for 
Igloo  F  is  shown  in  figure  16,  and  an  interior 
view  of  the  igloo,  .showing  some  of  the  stacks  in 
place,  by  the  photograph,  figure  17. 

(c)  Revetment  1. — This  contained  40,323 
Army  antitank  mines,  M6-R7ARA.  The  net 
charge  per  mine  w’as  12.4  pounds,  making  a 
total  weight  of  500,005  pounds  of  TNT  in  the 
stack.  The  mines  were  piled  in  a  solid  rec¬ 
tangular  mass  21  high  by  28  wide  by  68  long, 
plus  339  on  the  center  of  the  top.  The  mines 
were  not  removed  from  their  metal  crates  be¬ 
fore  being  stacked. 

.  (d)  Revetment  2. — 20,162  M6-R7ARA  mines 
were  placed  in  a  solid  rectangular  stack  16  high 
by  26  wide  by  48  long,  plus  194  on  top.  Figure 
D  is  a  front  view  of  this  .stack,  which  contained 
a  total  net  weight  of  250,008  pounds  of  TNT. 

5.  Priming  and  firing. 

(a)  Igloos. — The  charges  in  Igloos  D  and  E 
were  primed  according  to  figure  14.  A  . section 
of  primacord  was  introduced  into  the  nose  fuse 
well  of  each  of  four  bombs  selected  at  random 
in  each  stack.  Composition  C-2  was  packed 
around  the  primacord,  filling  the  cavity,  in 
order  to  hold  the  primacord  in  place  and  act  as 
an  additional  booster  (the  regular  booster 
charges  were  in  place  in  the  bombs) .  Leads 
from  one  stack  plus  those  from  seven  others 
were  brought  to  a  central  point  in  the  longitu¬ 
dinal  aisle,  and  connected  to  two  special 
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Figure  17.  Bomb  stacks  in  Igloo  F 
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Figure  18.  Firing'  shelter,  view  from  l  ear.  Part  of  generator  is  visible  at  right  margin 


.enjrin('('i'’.s  tetiyl  electric  blasting:  caps.  There 
were  throe  such  }rroui)s,  each  firing:  eig:ht  stacks, 
and  one  group  firing  four  stacks.  All  prima- 
cord  leads  were  cut  to  equal  length  in'the  hope 
that  the  detonation  waves  would  reach  the 
primed  bombs  in  each  stack  in  the  same  instant. 
All  caps  were  connected  in  parallel  across  firing 
wires  which  were  led  down  each  side  of  the 
central  ai.sle.  Near  the  door,  the  firing  wires  , 
were  spliced  to  a  2-conductor  no.  12  A.W.G. 
insulated  firing  cable  which  was  laid  on  the 
ground  from  the  igloo  to  the  firing  station 
4,800  feet  south  of  Igloo  I).  Igloo  E  was  not 
primed  until  after  the  explosion  of  Igloo  D  and 
Igloo  F  was  not  primed  until  after  Igloo  E  had 
bei'n  exploded.  Igloo  F  was  primed  in  the  same 
manner  as  Igloos  D  and  E,  except  that  there 
were  fewer  stacks  per'group. 

(b)  /icretweahs'.— Fifty-eight  mines  were 
primed  in  revetment  1.  These  were  located  as 
follows;  7  on  the  front  vertical  face  of  the  stack 
and  a  like  number  on  the  rear  face.  16  on  each 
side  face,  3  on  side  of  the  top  near  the  edge,  and 
6  in  \  ertical  line  extending  downward  starting 
with  the  second  from  the  top  in  the  center  of  the 
stack.  The  mines  in  each  face  alternated  from 
top  to  bottom  in  irregular  fashion.  The  mines 
in  the  side  and  end  faces  were  primed  by  in¬ 


serting  bights  from  a  single  length  of  prima- 
cord  in  the  adapter  cavities  and  pressing 
composition  C-2  around  the  primacord  and 
packing  it  around  the  outside.  The  primacord 
zigzagged  around  the  four  aides  of  the  stack. 
The  mines  on  top  were  primed  by  inserting 
knotted  ends  of  primacord  in  the  activator 
wells,  packing  C-2  around  the  primacord  in  and 
around  the  outside  of  the  wells  and  connecting 
the  leads  to  the  primacord  belt  around  the  sides 
of  the  stack.  The  six  mines  beneath  the  center 
of  the  top  were  primed  similarly  and  connected 
to  a  separate  piece  of  primacord  pa.ssed  from 
one  aide  to  the  other  across  the  top  of  the  stack. 
•The  same  general  i)lan  was  used  in  jn'iniing 
revetment  2. 

(c)  Firhifi  station. — Figure  18  is  a  photo¬ 
graph  of  the  firing  dugout,  a  heavy  concrete 
.semiunderground  structure  with  a  thick  over¬ 
hanging  slab  roof  covered  with  .sandbags  and 
slit  observation  windows  of  plate  glass  about 
2"  thirk..  The,  switches  and  controls  for  the. 
firing  line  and  relay  circuits  to  cameras  and 
other  equipment  were  mounted  on  three  panels 
in  the  dugout.  The  power  leads  ran  from  a 
portable  gasoline  engine.  120  volt,  single  phase 
AC  generator  set  up  .iust  behind  the  dugout  to 
the  first  panel,  which  contained  a  main  line 
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switch,  a  (lash-i)()t  l.vi)e  time  delay  relay,  two 
safety  idiiK  receiitacics  for  iiiterruiitiiijr  the  tir- 
iii}’'  circuit,  and  a  iiriii}?  switch.  tli' 

generator  ruiiniiig,  main  line  switch  clo.sed  and 
safety  plugs  in  iilace,  closing  the  tiring  switch 
would  energize  a  circuit  leading  to  the  second 
liancl  and  simuliiineously  start  the  iiiiiiiger  of 
the  time  delay  relay  in  motion,  'the  second 
and  third  panels  contained 'switches  and  a  bus 
to  which  control  circuits  to  the  viirious  cameras, 
oscillo.scoi)es  and  other  etpiipment  were  con¬ 
nected;  At  the  end  of  one  second,  during  which 
interval  the  eariieras  and  other  apiiaratus  com¬ 
menced  operating,  the  time  delay  relay  w'oiild 
close  the  firing  circuit  and  initiate  the  chargel 
(Certain  eipiiiiment  which  required  a  longer  in-' 
•  terval  than  1  second  to  warm  up  or  become 
oiVerational  was  energized  by  switches  thrown 
manually  at  the  projier  time  before  the  firing 
•switch  was  closed.  In  order  for  the  detonation 
to  be  set  off  accurately  at  a  predetermined  time, 
to  enable  coordination  of  observations  by  dis¬ 
tant  stations,  radio  time  signals  consisting  of 
500  cycle  peeps  at  1-second  intervals  and  vocal 
announcements  were  broadcast  on  3490  and 
6980  kcs.  by  an  Army  Signal  Corps  field  trans- 
rnitter-  set  uji  on  the  observation  point.  The 
firing  personnel  in  the  dugout  received  the  time 
-signals  on  a  portable  receiver  and  the  firing 
switch  was  thrown  manually  on  the  minus  1- 
.  second  peep.  It  is  e.stimated  that  the  error  in¬ 
troduced  by  manual  operation  in  this  manner 
should  not  exceed  one-fifth  of  a  second. 

6.  Instrumentation  and  observations  by 
ANESB. 

(a)  Air  blast  mcasitrcmcnts. — Peak  air  blast 
pres.sures  resulting  from  the  exj^losions  were 
measured  by  three  ty])es  of  devices:  Naval 
Ordnance  Laboratory  ball  crusher  gage.s.and  a 
'modification  thereof,  foil  diaiiliragm  gages  of 
'a  tyi)e  dovelo])ed  by  the  Bureau  of  Ordnanct*  for 
th''  Bikini  tests,  and  Aberdeen  Proving  Ground 
l)ai)er  blast  meters. ,  The  ball  crusher  and  foil 
diaiihi'agm  gages  were  set  out  on  radial  meter 
lines  in  the  open.  Pai)er  meters  were  pi  ’ced 
in  five  types  of  locations:  (1)  along  radial 
meter  lines. in  the'oiien,  (2)  in  defiladed  posi^ 
tions  in  old  craters  and  dry  stream  beds.  (3) 
outside  of  and  behind  barracks,  (4)  inside  bar¬ 
racks.  (5)  inside  a  target  igloo.  The  positions 
of  all  gages  as  set  up  in  the  field  for  the  test  are 


shown  by  figures  11),  20,  21,  and  22.  Positions 
of  paper  meters  at  the  Parracks  are  .shown  by 
lig-uri'  35.  1  he  gages  themselves  arc  illustrated 

by  figures  23,  24,  and  25.  They  are  described 
in  tne  foiiowing'  i)aragrai)hs : 

AOL  hail'cnislicr  (/aye. — This  gage  measures 
lelatively  high  values  of  peak  blast  ip-essure 
and  IS  used  close  to  the  charge.  It  consists  of 
a  heavy  brass  housing  about  lU"  in  diameter 
and.  lil>"  long,  containing  a  hardened  steel 
pi.ston  '  ij"  in  diameter  one  end  of  which  is  ex¬ 
posed  to'  the  atmosphere.  The  other  end  con¬ 
tacts  a  specially  heat  treated  copi)er  ball  seated 
on  a  hardened  steel  anvil.  External  i)ressure 
impinging  on  .the  pi.ston  causes  deformation  of 
the  ball,  the  amount  of  which  is  a  measure  of. 
the  force  exerted.  The  diameter  of  the  ball 
u.sed  in  the.se  tests  was  5  32",  and  the  dynamic 
calibration  values  for  this  size  ball  when  the 
gagm  is  u.sed  in  air  (rather  than  under  water, 
for  which  use  the  gage  Was  designed)  were 
determined  by  calculation  involving  certain  ap¬ 
proximations  as  described  in  appendix  B  of 
reference  (2) .  The  values  vary  with  distance 
from  the  charge;  at  the  di.stances  used  in  the.se 
tests  they  were  as  follows: 

Distance  from  charge, 

feet  . .  too  120  140  160 

k,  in.xl071b./in.=  .‘)2.7  32.8  .32.8  32.0 

Peak  pres.sure  is  determined  by  dividing  the 
ball  deformation  (loss  of  diameter)  in  micro- 
inches  by  the  value  of  k.  The  gages  were 
mounted  in  “side-on”  orientation,  i.e.,  with  the 
plane  of  the  exposed  face  of  the  piston  iiaraliel 
to  a  line  from  the  center  of  the  detonated  charge 
to  the  gage.  The  gage  was  partly  buried  in  the 
grround,  with  the  piston  exposed  flush  with  the 
.surface,  and  the  body  fastened  into  the  top  of 
a  piece  of  pipe  driven  about  18  inches  into  the 
ground  vertically  beneath  it,  in  order  to  jiro- 
vide  inertia  against  movement  during  impinge¬ 
ment  of  the  blast  wave.  The  face  of  the  gage 
containing  th(!  exiio.sed  piston  was  -sealed  with 
a  piece  of  drafting  tape  to  prevent  dust  enter¬ 
ing  between  the  piston  and  cylinder  walls.  Th» 
gages  were  handled  as  gently  iis  po.ssible  after 
being  loaded  in  order  to  avoid  iiredeformat'ons 
of  the  balls;  however,  this  probably  haiipened 
in  many  ca.ses.  Unfortunately,  the  gages  gav(' 
quite  erratic  readings  during  the  tests.  Ground 
-shock  is  believed  to  be  one  of  the  ma.jor  cau.ses 
of  the  wide  scatter  in  the  data.  In  order  to  use 
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Kigi  re  2;i.  Exploded  view 


Ficure  24.  Clo.se-up  fiont  view  of  Bikini-type  foil 
blast  meter,  loaded  with  aluminuin.foil 


these  in  such  tests  more  successfully,  a 

better  technitiue  of  handlinK  and  mountinsr 
them  in  the  field  will  have  to  be  worked  out. 

Area  ball  craxher  s/anc. — This  Kape  was  the 
same  as  the  NOL  jraKo  in  all  respects  except 
that  the  piston  diameter  was  1.128"  and  the 
face  area  1  scpiare  inch.  In  this  jrage  about 
five  times  as  much  force  was  exerted  on  the 
cojiper  ball  as  in  the  NOL  .sfage  and  thus  greater 
and  more  easily  readable  deformations  were  ob¬ 
tained.  7'hus,  it  was  hoi)ed,  the  i^ercentajre  of 
error  could  be  reduced ;  however,  due  to  its 
P'reater  piston  mass  thi.sirag.e  was  slower  acting 


of  NOL  ball  crusher  Kajic 


Fua'RE  25.  Close-up  of  an  Aberdeen  paper  blast  meter, 
after  blast 


and  seemed  to  be  subject  to  errors  as  bad  as 
those  of  the  NOL  kakC'  The  constants  for  this 
KUKS  were  as  follows: 

Distance  from  charge, 

feet .  100  120  140  •  ICO 

■  k,  in.xl071b./in.=  ioii  104  104  '  164 

Foil  blaxf  nirfvr. — This  was  a  heavy  hollow 
.steel  cylinder  about  14"  in  diameter  by  14" 
deep,  with  one  closed  end  and  the  other,  end 
fitted  for  mounting  two  heavy  brass  orifice 
plates  contiiininfr  14  orifices  of  Kraduated  sixes. 
The  meter  was  loaded  by  inserting  a  ready-eut 
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sheet  of  aluminum  foil  between  the  plates  aiul 
securinfr  the  plates  in  position  by  means  of  the 
studs  and  nuts  provided  for  the  purpose.  The 
assembled  meter  was  mounted  on  a  channel 
iron  post  driven  in  the  p^round  and  was  oriented 
with  the  orifices  ‘^side  on”  to  the  blast.  This 
meter  w'as  read  by  notinp'  and  recording  the 
smallest  orifice  in  which  the  foil  was  rujitured 
by  the  blast.  Pressures  corresiiondinp  to  the 
various  hole  sizes  for  the  aluminum  foil  used, 
which  was  2SO  foil  0.0012"  thick,  are  piven 
belf)w : 

Tablk  I. — Calibidtinii  of  O.dOli"  Al  Foil  in  tlikini  type 
hlanl  meter 


Smalloist  ilbiphrHKm  riiplurod 

blast  pres^nru 

No. 

Di«moter  (in.) 

Ib.s.  in.“ 

1 

3.00 

5.2 

2 

2.40  i 

6.4 

3 

1.92 

7.9 

4 

1.54, 

9.7 

5 

1.24 

12.0 

G 

.984 

14.8 

7 

-.781 

18.5 

8 

.025 

22.8 

9 

.500 

28.1 

10 

.404 

34.3 

11  • 

.323 

42.4 

12  ■ 

.257 

52.6 

13 

.205 

65 

14 

.100 

79 

The  above  calibration  was  obtained  by  firinp 
standard  charpes  whose  pressure-distance  re¬ 
lation  was  knowm  in  the  pre.sence  of  meters  set 
up  at  various  distances.  A  function  for  ])eak 
l)ressure  in  terms  of  smallest  hole  size  ruptured 
w’as  determined  from  the  mean  of  the  readinps 
obtained.  This  calibration  is  described  mor<* 
fully  in  appendix  B. 

Aberdeen  paper  blast  meter. — This  meter 
consists  of  two  20"  x  11"  pieces  of  j."  plywood 
bolted  topether  around  their  edpes  and  con- 
taininp  ten  orifices,  the  diameters  of  which  are 
piven  in  table  II.  The  paper  is  placed  betw’een 
the  boards  and  the  assembled  meter  mounted 
by  a  bolt  on  a  2"  x  4"  stake  driven  vertically  in 
the  p-round.  These  meters  are  set  up  “face-on” 
to  the  bla.st  (except  inside  and  behind  the  bar¬ 
racks)  i.e.,  the  plane  of  the  paper  is  perpen¬ 
dicular  to  the  line  from  the  center  of  the  charpe 
to  the  meter.  The  paper  used  was  “Rap-in- 


Wax"  waxt>d  paper  made  by  the  Rap-in-Wax 
Paper  Co.  of  Minneapolis,  Minn.,  and  was  about 
.001"  thick.  This  paper  loaded  in  these  blast 
meters  was  calibrated  prior  to  the  test  proprain 
in  the  same  manner  and  simultaneously  with 
the  calibration  of  the  aluminum  foil  diaphrapni 
meters.  Tne  procedure  u.sed  is  described  in 
appendix  B,  and  the  results  are  p'iven  below  :  ' 

TaiU.e  II. — Ctdihralioii  of  Ii(ij>-in-]\’<ix  l‘tij>er  in  Aber¬ 
deen  paper  blast  meters 


SmaHi'st  (liaphrairm  ruptiii'eii 

Peak  blast  pressure, 

No. 

Diamftfi*,  ii». 

Ihs  in. 2 

1 

5.625 

0.25 

2 

4.00 

.38 

3 

2.82 

.60 

4 

2.00 

.94 

5 

1.38 

1..53 

6 

1.00 

2.30 

7 

.75 

3.34 

8 

.50 

5.64 

9 

.38 

8.16 

10 

.25 

13.8 

Althouph  mounted  facinp  the  explosion,  these 
pap'es  used  w’ith  the  above  calibration  pive'the 
equivalent  “side-on”  or  hydrostatic  peak  pres¬ 
sure. 

(b)  Craters. — The  apparent  craters  from  the 
explosions  of  Iploos  1)  and  h)  were  cross-sec¬ 
tioned  by  a  survey  crow,  and  contour  plans 
drawn.  The  apparent  craters  of  Iploo  F  and 
the  two  revetments  were  .sectioned  and  profiles 
di’awn  for  the  north-south  and  east-west  axes. 
At  the  deepest  point  in  each  crater,  an  excava¬ 
tion  w’as  made  to  determine  the  true  dejith  and 
the  value  noted  on  the  drawing'. 

(c)  Ground  morement. — A  jrrid  or  netw’ork 
of  2"  X  2"  wood  hubs  was  placed  around  each 
primary  ip^loo  in  a  pattern  500  feet  -square.  The 
stakes  were  driven  flush  with  the  jrround,  and 
their  elevations  and  horizontal  distances  from 
each  other  were  noted  before  the  explosion. 
After  the  explosion,  their  elevations  and  dis- 
tances  were  apain  measured  and  compared  with 
the  previous  readings  in  order  to  obtain  perma¬ 
nent  movements  of  the  surface  of  the  ground. 

(d)  ■  Permanent  dispbtcemeitf  of  tare/et 
ialoos. — The  positions  of  Igloos  E  and  F  were 
observed  before  and  after  the  explosion  of 
Igloo  D  by  transit  located  on  the  original  longi¬ 
tudinal  axis  extended  and  also  on  westward 
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extensions  of  horizontal  lines  lyinjr  in  the  outer 
surface  of  the  front  end  walls,  in  order  to  de¬ 
tect  longitudinal  or  lateral  movement.  Before- 
and-after  elevations  were  lun  on  points  on  the 
tloor  and  on  the  inner  surface  of  the  arch 
dii’ectly  above  the  floor  points.  In  addition, 
mechanical  deflection  Ka^es  of  a  simple  type 
were  installed  in  the  ip^loos.  The  location  of 
these  itajtes  and  diajtrams  indicating  how  they 
functioned  are  Kiven  by  fij^ure  26.  The  slide 
type  of  Kiijte  measured  the  permanent  chanjfe, 
either  positive  or  ne^mtive,  in  the  di.stance  from 
arch  to  floor  between  the  points  where  in.stalled. 
The  strin},’'  }?a}?e  measural  the  permanent 
chanpe  in  either  direction  in  the  diagonal  dis¬ 
tance  from  the  .sprinjj  section  of  the  arch  on 


one  side  of  the  ijrloo  to  the  (piarter  point  on  the 
other  side  in  the  .same  transver.se  .section.  There 
were  six  slide  Kajtcs  and  four  strinj?  jtajres  in 
each  target  igloo. 

(e)  Tnnmiciit  dispUtcemciit  of  turnct  it/looit. 
— The  slide  and  string  gages  also  recorded  the 
maximum  transient  chang-es  in  the  dimensions 
measured,  in  either  the  positive  or  negative 
direction.  It  is  recognized  that  both  types  of 
gages  are  subject  to  errors  due  to  lost  motion 
of  parts,  overdrive,  elasticity  of  the  wire  used 
in  the  string  gages,  and  other  causes.  Insofar 
as  practicable,  however,  the  mechanisms  were 
designed  to  minimize  such  errors.  The  slide 
gage  reading  contains  a  component  due  to  floor 
heave  or  subsidence  as  well  as  that  due  to  arch 


Figure  2G.  Deflection  Gages,  Tests  1  and  2 
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(loilection,  and  the  comiioneiits  cannot  easily  be 
separated.  The  string  gage  reads  the  alge¬ 
braic  sum  of  deflections  of  two  points  of  the 
arch.  Nevertheless,  it  is  believed  that  the 
gages  giv(!  a  good  indication  of  the  relative 
.severity  of  arch  distortions  under  the  blast 
loading. 

(f)  I)am(t(jc  to  tar(/et  it/IooK. — After  each 
explosion,  remaining  igloos  were  carefully  in- 
si)ected  f  ’om  both  outside  and  inside,  except 
that  earth  covei’  was  not  removed  to  •  permit 
inspection  of  external  arch  surfaces.  Notes 
were  made  and  photographs  taken  of  cracks, 
spalled  places,  and  other  evidences  of  failure. 
The  contents  of  the  igloos  were  inspected  to 
disclose  whether  they  had  been  disturbed. 

(g)  Damage  to  rerrtments.  —  Revetments 
were  inspected,  distortion  or  erosion  of  the 
earth  embankments  noted,  and  disturbance  of 
the  stacks  of  mines  recorded.  Photographs 
were  taken  where  pertinent. 

(h)  Damafje  to  hurraclcK. — After  the  Igloo  D 
explosion,  the  three  barracks  were  inspected 
and  note  made  of  displaced, foundations,  broken 
studs,  .sheathing,  rafters,  wall  displacemeifl.s, 
torn  siding  and  roofing,  broken  window  frames, 
fractured  sash  and  window  panes,  and  other 
evidences  of  damage.  Numerous  jihotographs 
of  typical  i instances  of  structural  failure  and 
breakage,  as  well  as  of  window  damage,  were 
taken.  Subsequent  to  the  Igloo  E  explosion, 
the  buildings  were  inspected  again,  and  infor¬ 
mation  recorded  as  to  additional  damage  and 
window  breakage.  Prior  to  the  explosion  of 
Igloo  F,  Barracks  1  was  repaired  and  reglazed: 
after  the  explosion,  notes  of  structural  and 
window  damage  to  Barracks  1  were  made  as 
in  the  case  of  the  first  explosion,  and  superficial 
inspections  were  made  of  Barracks  2  and  11. 
Photographs  of  the  four  elevations  of  each 
barracks  were  taken  after  each  of  the  first  three 
explosions. 

(i)  Motion  pictures.  —  High-speed  motion 
pictures  were  taken  of  Igloo  E  during  the  ex¬ 
plosion  of  Igloo  D  from  a  point  2,250  feet  to  the 
north,  and  of  Igloo  F  during  the  explosion  of 
Igloo  E  from  a  point  2,000  feet  to  the  west, 
using  an  Ea.stman  Ili-Speed  10  mm.  camera 
with  a  6"  telephoto  lens.  The  film  was  East- 
nian  Super  XX  and  was  exposed  at  speeds  of 
from  600  to  900  frames  jier  second.  The  scenes 
recorded  showed  the  blast  waves,  missiles,  and 


smoke  and  debias  clouds  resulting  from  the  ex¬ 
plosions.  A  05  mm.  Fastax  camera  without  a 
telephoto  lens  was  used  to  record  the  explosion 
scene  at  speeds  of  from  1,000  to  0,500  friime.s 
lier  second  in  each  test  including  the  exidosions 
of  Igloo  F  and  the  I’evetnients,  A  diagram 
showing  the  positions  of  the  Ili-Speed  and 
Fastax  cameras  is  given  by  .figure  27,  In  addi¬ 
tion  to  the  high-speed  pictures,  standard  05 
mm.  films  (at  16  frames  per  second)  were  made 
with  a  Cine-Kodak  fi'om  the  observation  station 
in  each  test.  A  16  mm.  kodachrome  film  was 
made  from  the  observation  station  in  the  explo¬ 
sion  of  Igloo  E.  Several  other  films  were  taken 
by  newsreel  cameramen  and  other  observers, 
but  have  not  been  obtained  by  the  Board, 

(j)  Frof/moitation. — Because  of  the  short 
time  interval  between  explosions  and  becau.'-'e 
of  the  fact  that  many  previous  tests  had  lit¬ 
tered  the  area  with  fragments,  it  was  not 
possible  to  make  a  detailed  missile  survey  and 
study.  Only  general  observations  were  made. 

7.  Observations  by  other  organizations. 

(a)  Xarat  Ordnance  Lahoralorii. — Micro¬ 
barograph  records  were  taken  at  widely  dis- 

Comero  S^obon  No 
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t 


Fici  RK  27.  Location  of  Camera  Stations 
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l)ersc(l  stations,  the  farthest  which  recorded  an 
impulse  lieinjf  at  Great  Falls,  Mont.,  280  airline 
miles  di.stant.  Other  stations  receivinj*'  im- 
pul.ses  were  located  at  the  provinj?  j?round,  8 
miles;  town  of  Arco,  20  miles;  Pocatello,  5") 
miles;  Burley,  Idaho,  87  miles;  Clearfield,  Utah, 
181  miles;  West  Yellow.stone,  Mont.,  116  miles. 
The  equiiiment  used  was  the  NOL  Acoustic 
System,  Mark  I,  in  which  the  inilse  received  b> 
a  diaphragm  is  measured  by  a  variable  induc¬ 
tance  bridge. 

(b)  Navai  Ordnance  Test  Station,  Inij(>k(r)i. 
— This  organization  took  air  blast  measure¬ 
ments  using  Bikini-type  foil  gages  mounted  in 
five  positions :  (1)  facing  toward  (face-on),  (2) 
facing  right  (side-on),  (3)  facing  left  (side- 
on),  (4)  faeing  up  (.side-on),  and  (5)  facing 
down  (side-on).  They  measured  the  velocity 
of  propagation  of  the  shock  wave  by  photo¬ 
graphing  a  line  of  eellophane  bags  inflated  with 
argon,  which  pos.sesses  the  iirojierty  of 
luminescence  under  pre.ssure  changes,  and  also 
by  means  of  foil  bridges  in  which  electrical 
contacts  made  by  thin  strips  of  foil  were  broken 
by  the  blast,  sending  impulses  to  an  oscillo- 
seope  where  they  Were  photographed  on  the 
screen  along  with  a  sine-wave  which  furnished 
a  time-base.  This  group  also  obtained  pressure¬ 
time  curves  at  various  distances  from  the 
exiilosions,  by  moans  of  lens-shaped  diaphragm 
strain  gages  constructed  by  the  Pasadena 
physics  branch  of  the  N.O.T.S.  They  also  took 
high-speed  motion  pictures  of  the  fir.st  two  ex¬ 
plosions. 

(c)  Signal  C()ri>s,  Arnin. — The  primary  in¬ 
terest  of  this  group  was  the  study  of  sound 
propagation  resulting  from  the  explosions  in 
order  to  determine  the  parameters  of  the  uiiper 
atmosphere  for  meteorological  purposes.  In 
conducting  these  .studies  the  time  and  the  ver¬ 
tical  angle  of  Arrival  of  sound  waves  was 
measured  by  the  use  of  two  arrays,  each  con¬ 
sisting  of  two  microiihones  on  a  3-mile  ba.se 
line  on  a  location  remote  from  the  source  of  the 
explosion.  From  the  data  thus  obtained  it 
was  hoiked  that  information  on  the  vertical, 
structure  of  the  atmosphere  could  be  obtained. 
These  observations  were  accomi)lished  by  the 
use  of  special  pressure  type  microphones  de¬ 
signed  and  con.structed  at  the  Signal  Corps  En¬ 
gineering  Laboratories  and  having  a  response 
from  0.06  to  1  cycle  per  second. 


A  I'adar  set  was  installed  near  the  site  of 
the  exi)losion  in  an  attempt  to  measure  directly 
the  speed  of  vertical  movement  oi  sound  waves 
as  tliey  travel  away  from  tne  raiiar  set  after 
Having  passed  beyond  this  equipment. 

lo  assist  in  the  coordination  of  observations 
by  all  iiarties,  a  radio  transmitting  station  was 
•set  up  (on  the  observation  hill)  and  a  timing 
Signal  broadcast  to  iirovide  accurate  synchro¬ 
nization  of  .sound  observation  at  all  remote 
.stations. 

Short  range  observations  were  also  made 
using  similar  microiihones  to  those  described 
above  except  that  the  frequency  responst^  of 
those  microphones  ascends  to  0.5  x  10*“  cps. 
The  respon.se  of  the.se  microphones  is  approxi¬ 
mately  flat  from  this  point  up  to  0.06  cps  and 
then  drops  6  db  per  octave  toward  higher  fre¬ 
quencies.  Such  a  response  permitted  observa¬ 
tions  at  close  range  without  the  likelihood  of 
damaging  the  equipment  as  the  peak  energy  of 
the  blast  was  expected  to  occur  in  the  neighbor¬ 
hood  of  1  cycle  per  second.  .  From  these 
observations  it  was  hoped  that  the  frequmicy 
distribution  of  the  blast  wave  could  be  obtained. 
An  attempt  was  also  made  to  pick  up  any  low 
frequency  sound  which  may  have  been  reflected 
vertically  downward  from  temperature  dis¬ 
continuities  in  the  upper  atmosphere. 

The  equipment  used  was  as  follows; 

a.  Radio  tran.smitting  station  to  give  timing 
signais. 

ii.  Sounii  laiiKing  microphones  as  (iesciii)e(i  atiove. 

c.  Radio  set  S(;R-()58-()  with  Radio  Recoiitor 

AN'FMQ-IO  to  make  radio-wiiui  tiiniing 
and  radiosonde  nieteoroiogicai  ol)servations  to 
80,000  feet  or  higher  for  purposes  of  correia- 
tion  with  sound  piopagation  measurements. 

d.  Jleteorological  Station  SCM-l  for  tracking 

verticai  rate  of  ascent  of  compression  wave, 

(d)  United  Statri^  Weather  Bnrean. — Micro¬ 
barographs  equipped  with  high-speed  Esterline 
Angus  time  recorders  were  in.stalled  at  the  fol¬ 
lowing  locations  at  the  .stated  di.stances  from 
Igloo  D  for  the  tests  of  October  1  and  8: 

1.  Two  miles  south. 

2.  Observation  point,  4.1  miles. 

'3.  Naval  ' Proving  Ground  warehouse.  S 
miles. 

4.  Arco,  Idaho,  20  miles. 

5.  Dubois,  Idaho  tSheep  Experimnntal 

Station),  57  miles. 

6.  Idaho  Falls,  Idaho,  48  miles. 

7.  Burley,  Idaho,  87  miles. 
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In  addition  hi^h  altitude  soundinj?s  of  temper¬ 
ature,  pressure,  relative  humidity,  and  in  some 
cases  wind,  were  made  at  the  followinjr  loca¬ 
tions  : 


Auliuin,  Calif. 
Hik  SpiiiiRs,  Tex. 
nismarck,  N.  D. 
Idaho 

K1  I’aso,  Tex. 
Kly,  Xev. 

.Mont. 


(iiaiid  Junction, 
Colo. 

(ireat  Falls,  Wyo. 
Laiider,  Wyo. 

Las  Veijas,  Nev. 
Medford,  Ore. 
Oakland,  Calif. 
Oa'deii,  Utah 


I’hoenix,  Ariz. 
Rapid  City,  S.  U 
Santa  Maria, 
Calif. 

Spokane,  Wash. 
Tatoosh  Island, 
Wash. 


Two-thousand-irram  balloons  were  u.sed  to 
carry  the  radiosondes  to  altitudes  considerably 
hi.nher  than  those  generally  attained  in  radio¬ 
sonde  observations.  Wherever  practicable,  the 
balloon’s  path  was  also  observed  by  means  of  a 
theodolite  or  tin  SCR-658  radio-direction-finding 
set. 

(e)  St.  Louia  Univvrsitn. — The  Bureau  of 
Ordnance  throiig'h  the  Office  of  Naval  Research 
arranged  with  St.  Louis  University  for  mea.s- 
urements  to  be  taken  of  fluctuations  in  atmos¬ 
pheric  pressure  due  to  the  explosions  by  mean.s 
of  large  diaphragm  type  microbarographs. 
Stations  were  set  up  at  the  proving  ground,  at 
a  distance  of  8  miles  (airline)  ;  at  Pocatello,  55 
miles:  near  Dubois,  Idaho,  57  miles;  and  at 
West  Yellowstone,  Mont.,  116  miles.  The 
equipment  operated  in  the  following  manner: 
movement  of  the  diaphragm  due  to  a  pressure 
pulse  was  communicated  to  a  coil  in  a  magnetic 
field,  generating  a  current  which  was  led  to  a 
d’Ar.soiival  galvanometer  the  mirror  of  which 
rotated  accordingly  and  in  turn  cau.sed  move¬ 
ment  of  a  si)ot  of  light  on  photographic  paper. 
The  paper  was  mounted  on  a  drum  recorder 


which  was  driven  by  clockwork  and  revolved  at 
constant  speed,  thus  furnishing'  a  time  base. 
The  amplitude  and  direction  of  the  g'raph 
drawn  by  the  light  spot  was  proportional  to  the 
amount  and  direction  of  change  in  atmospheric 
pressure. 

(f)  Woods  Hole  Occoiiogrupliic  1  institution. — 
On  invitation  of  the  Bureau  of  Ordnance,  this 
orgmoization  sent  a  group  to  measure  impulse 
and  peak  pressure  in  the  shock  waves  emanat¬ 
ing'  from  the  explosions.  They  list'd  a  frec- 
piston  gage  in  which  the  motion  of  the  piston 
on  receiving-  the  blast  impulse  was  recorded  by 
a  metal  scribe  on  paper  fixed  on  a  drum  revolv¬ 
ing-  at  constant  speed.  This  produced  a  deflec¬ 
tion-time  curve,  the  first  derivative  or  slope  of 
which  at  any  point  was  proportional  to  piston 
velocity  and  hence  its  momentum  and  impulse 
received  up  to  that  instant.  The  second  deriva¬ 
tive  represented  acceleration  of  the  piston  and 
hence  was  proportional  to  the  force  acting  upon 
it.  Thus  the  initial  value  of  the  second  deriva¬ 
tive  was  a  function  of  the  initial  or  peak  pre.s- 
sure.  The  gage  was  mounted  in  a  horizontal 
position  with  the  piston  level  and  supported  on 
nearly  frictionless  roller  bearings.  One  end  of 
the  piston  w’as  expo.sed  to  external  pressure. 

(k)  Office  of  Niiv(d  Research. — A  repre.senta- 
tive  of  this  office  was  .sent  to  make  measure¬ 
ments  of  seismic  phenomena  caused  by  the 
revetment  explo.sions.  Neumann-Labarre  dis¬ 
placement  meters  were  set  up  at  the  proving 
ground  gun  emplacement,  7.2  miles  from  the 
explosion,  and  at  a  point  on  the  railroad  spur 
-leading  into  the  proving  ground,  9.9  miles  from 
the  explosions.  These  instruments  measured 
the  horizontal  component  of  the  ground  wave. 
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PART  IV.  RESULTS 


A.  MEASUREMENTS  AND  OBSERVATION  MADE  BY  ANESB 


I.  Test  I. 

(a)  General. — The  contents  of  Igloo  D  were 
detonated  at  1100  MST,  1  October.  Light 
showers  had  been  falling  until  a  short  while 
before  the  explosion,  and  there  was  an  un¬ 
broken  overcast  about  1,000  feet  above  the 
lilain.  *The  temperature  was  62°  F,  the  barome¬ 
tric  pressure  25.00"  Hg.,  and  there  was  no 
wind.  The  detonation  appeared  as  a  bright 
yellowish  flash  followed  by  a  heavy  dark  grey' 
smoke  and  debris  cloud  in  which  red  flames 
were  visible  for  a  moment,  and  which  mush¬ 
roomed  outward  and  upward  with  a  boiling 
motion,  penetrating  the  natural  cloud  ceiling, 
its  upper  portion  being  lost  to  view.  Figure 
28  is  a  photograph  of  the  cloud  at  this  stage. 
It  continued  to  expand  laterally  and  eventually 
reached  a  diameter  at  the  ground  of  over  a  mile. 
Figure  29  shows  its  later  development.  At¬ 
mospheric  conditions  were  favorable  for  per¬ 
ceiving  the  trace  of  the  air  blast  or  shock  wave, 
which  appeared  as  a  wraith-like  semicircular 
arc,  centered  on  the  igloo,  expandinjr  at  high 
\elocity.  It  emerged  from  the  smoke  cloud 
early  in  the  latter’s  formation  and  could  be 
seen  easily  until  it  had  travelled  about  2  miles 
from  the  point  of  origin.  The  phenomenon 
seen  was  not  the  wave  front  but  was  actually 
atmospheric  vapor  condensed  by  adiabatic 
cooling  in  the  rarefaction  pha.se  of  the  blast 
wave.  No  ground  shock  was  felt  by  observers 
at  the  observation  station,  which  was  located 
on  a  basalt  outcrop  4.1  miles  from  Igloo  D.  The 
sound  of  the  explosion  arrived  about  10  seconds 
after  the  flash  was  observed,  and  consisted  of 
two  separate  and  distinct  sharp  report.s,  about 
a  second  apart.  The  second  report  seemed 
slightly  less  loud  than  the  fir.st.  The  blast  or 
concussion  was  felt  simultaneously;  at  that 'dis¬ 
tance  it  was  mild.  There  was  no  dou'ot  that 
the  detonation  was  of  high  order  and  complete. 
No  satisfactory  explanation  has  been  offered 
for  the  double  report.  It  is  not  believed  that 


the  second  report  was  due  to  a  reflection,  but 
it  is  thought  that  in  some  way  a  second  peak 
in  the  pressure-time  curve  of  the  blast  wave 
was  formed.  Sgch  often  occurs  in  detonations 
of  small  quantities  of  high  explosives. 

(b)  Hinh-speecl  motion  pictures. — The  most 
interesting  photographic  results  were  obtained 
from  the  Eastman  Hi-Speed  camera,  which 
produced  a  film  in  which  the  trace  of  the  shock 
wave  was  clearly  visible  as  it  passed  over  Igloo 
E.  The  effects  of  the  detonation  as  seen  in  this 
'  film  may  be  described  as  follows:  The  instant 
of  detonation  was  marked  by  a  sudden  bright¬ 
ening  of  the  scene,  caused  by  the  flash.  A  few 
frames  later,  the  shock  wave  appeared,  ad¬ 
vancing  at  high  velocity  across  the  field  of  view. 
At  first  it  was  visible  only  at  points  where  it 
inter.sected  the  silhouetted  outlines  of  the 
igloos.  The  ground  surface  behind  the  wave 
front  was  obscured  by  a  pall  of  turbulent,  flying 
dust  set  in  motion  by  the  blast.  When  the  wave 
struck  the  sloping  earth  embanked  on  Igloo  E, 
it  was  reflected  upward,  and  a  “Mach"  wave 
was  formed.  The  intersection  of  the  incident, 
reflected,  and  Mach  waves,  known  as  the 
“triple  point"  was  distinctly  visible  as  the  front 
moved  up  the  sloi)e  and  over  the  top  of  the  igloo. 
At  this  point,  the  camera  speed  as  determined 
from  timing  marks  on  the  film  was  approxi¬ 
mately  700  frames  iH>r  second,  and  the  elapsed 
time  from  the  instant  of  detonation  until  the 
arrival  of  the  shock  front  at  the  centerline  of 
the  igloo  was  0.07  seconds.  This  corresponds 
to  a  velocity  of  3,000  ft. /sec.,  assuming  the 
wave  originated  at  the  center  of  the  charge  at 
the  instant  of  detonation.  This,  of  course,  does 
not  actually  occur,  as  the  wave  is  not  developed 
until  the  volume  of  the  products  of  detonation 
is  more  than  5  times  the  original  volume.  As 
the  shock 'wave  iiassed  the  center  of  Igloo  E, 
•Its  mean  velocity  was  about  2,250  ft. /.sec.  The 
forward  edge  of  the  flame,  smoke  and  dust 
cloud,  in  the  air  above  the  igloo,  moved  across 
the  .scene  at  about  1,250  ft. /sec.  Then  came  .a. 
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Shock  front  visihlo  whei-e  it 
near  top. 


c  .0(;2  «ec.  after  tla.sh.  Shock  front  halfway  up  .slope 
ot  Ijj  oo  E.  Note  lighter  shade  l)ehind  front,  due  to 
raised  dust. 


d.  Wave  at  top  of  slope  of  iploo  E,  .068  sec.  afte 
Hash.  Incident,  i-Hected,  and  “mach”  waves  intersect  a 
hend  in  wave  front,  called  “triple  point”. 


..  r.eML  nas  roacned  center  of  I^loo  E,  .074  sec 
after  liash. 


V.I1CU  cenier  oi  lofioo  J-j.  .074  sec  r  U’„.  ^  • 

t.  ^a'e  cuts  horizon  line  on  far  side  of  iRloo  .100  .sei 

after  flash.  Second  dark  front  is  believed  to  he  dust. 
Figlrk  ,10.  Selected  frames  from  Eastman  Hi-Speed  film.  Test  1 


% 
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a.  Flash  at  rear  of  Ifrioo  D.  Flame  jets  at  front  and  b.  Cloud  0.23  .sec.  after  flash.  Dust  on  jrround  dc- 

aloiiK  top  of  iploo.  Igloo  F  is  faintly  visible  at  right.  noting  presence  of  shock  wave  has  reached  Igloo  F. 


c.  Cloud  0.35  sec.  after  flash.  Vapoi’  cloud  formed  d.  Cloud  at  0.40  sec.  almost  obscured  by  vapor, 

in  negative  phase  has  reached  Igloo  F. 

Figire  31.  Selected  frames  from  Fastax  film,  Test  1 


gfouii  of  frajrmonts  trailing  light-colored  smoke 
and  travelling  low,  flat  trajectories  at  about 
1,150  ft.  sec.  Next,  a  white,  vaporous  cloud 
emerged  from  the  base  of  the  main  cloud  and 
quickly  enveloped  the  entire  scene,  obscuring 
everything  else  from  view.  At  about  this  time, 
some  of  the  close-in  portions  of  the  cloud  were 
beginning  to  drift  backward,  showing  that  the 
negative  phase  of  the  blast  was  commencing. 
Selected  frames  from  this  film  are  reproduced 
in  figure  30. 

The  Fastax  camera’s  field’  of  view  was  broad 
enough  to  include  all  three  igloos,  although  due 
to  the  lack  of  a  t'^iephoto  lens  the  images  were 
quite  small,  and  in  addition,  the  exploding  igloo 
.  (D)  was  behind  Igloo  E  and  obscured  by  it. 
The  Fastax  film  showed  first  a  thin  streak  of 
flame  shooting  up  from  the  rear  of  the  igloo. 


then  on  the  next  frame  a  largo  bright  fkisli 
aiqieared  at  the  rear  and  a  .smaller  flash  fit  the 
front.  In  the  succeeding  frames,  the  flames 
merged  and  developed  into  an  ex])anding  ball 
of  fire  in  which  black  smoko  first  tinged  the 
lower  edges  and  then  grew  over  the  entire  sur¬ 
face  of  the  cloud  as  the  fire  played  out.  The 
shock  wave  was  not  visible,  evidently  because 
of  unfavorable  light  conditions.  However,  its 
effects  were  seen,  particularly  as  it  passed  over 
Igloo  E,  the  .shade  of  which  turned  from  dark 
to  light,  owing  to  the  earth  which  was  Masted 
up.  The  same  white  vaporous  cloud  seen  in  the 
Eastman  Hi-S])eed  film  emerged  from  the  base 
of  the  dark  cloud  mass  and  soon  blotted  every¬ 
thing  else  from  view.  Selected  framf^s  from 
the  Fastax  film  arc  reproduced  in  figure  31. 

(c)  Air  — Peak  pre.ssures  obtained 
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Figure  32.  I’eak  Rlast  Pre.ssure  vs  Distance  from  chaiKe,  Test  1,  Line  1  (Off  Front) 


from  tho  NOL  and  Arco  moditicatioii  of  the  ball 
crusher  Kajtes  JU’e  presented  in  table  III.  Un¬ 
fortunately,  the  scatter  of  this  data  is  had. 


Tabi.K  III.--/V((A'  blunt  luensinen,  p.s.i.,  from 
rriinlirr  !Ji(</<s,  lent  I 


hull 
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04 

60  152? 

52  , 

153? 

15? 

175  ,  . 

40 

1  30 

* 

Pressures  obtained 

from  the 

Bikini-type 

1  foil 

and  Aberdeen 

paper 

blast  meters  placed  along 

the  three  meter  lines  are  given  in  the  follow¬ 
ing  table: 


Tahlk  IV. — I‘e(il;  hlast  ineHsiires,  ji.s.i.,  flow  foil  and 
puller  meters,  test  1 


Ulstanci*  from 

rharKO,  feet  foil  faper 

Foil  Paper 

Paper 

175 

28.1  . 

225  .  . 

.  28.1 

275 

.  18,0  . 

28.1  . 

380  .  . 

.  14.8  . 

18.5  . 
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1.5 
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1.5 
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.  .04 
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.60 
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.  ,60 

.00 

.60 
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.  .38 

_  .38 

.38 

4.140 

.  .38 
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.  .25 
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In  figures 


:?2,  3!?,  and  34,  pressures  from  the 


foregoing  tables  are  plotted  again.st  distance 
from  the  center  of  the  charge  on  logarithmic 
grapli  ])aper.  As  the  points  seem  to  follow  a 


slightly  concave  downward  curve  better,  than  a 


straight  line,  such  a  curve  has  been  fitted  by  eye 
to  the  data  in  the  graph  for  each  meter  line. 


The  curves  indicate  that  the  peak  in’essures 
were  of  the  order  of  80  p.s.i.  at  a  di.stance  of 
100  feet,  dropped  to  about  4  p.s.i.  at  1,000  feet, 
and  were  le.ss  than  1  p.s.i.  at  2,705  feet,  at  which 
distance  the  nearest  barracks  was  located. 


Registration  of  the  paper  meters  jdaced  in 
defiladed  positions  (two  in  craters  10-  to  lo-feet 
deep  820  feet  from  the  charge,  on(>  in  a  dry 
wa.sh  bottom  7-foet  dee])  900  feet  from  tin* 
charge,  and  one  at  2,030  feet  in  a  dry  stream 
bed  12-feet  deep)  was  in  all  cases  the  same  as 
the  registration  of  the  meters  on  the  oi)en  meter 
lines  at  the.  same  distances.  Registration  of 
the  i)ai)er  meters  inside  of  and  around  the  out¬ 
side  of  three  barracks  buildings  is  given  by 
figure  3,5.  There  was  only  one  case  of  rujiture 
of  a  diaphragm  inside  the  buildings  apparently 
due  to  blast  instead  of  flying  glass,  and  this 
ca.se  may  also  have  been  due  to  flying  gla.ss 
although  it  did  not  appear  so.  Pressures  indi¬ 
cated  on  the  near  sides  of  the  buildings  agreed 
well  with  those  on  the  meter  lines  at  corre- 
■sonding  distances.  Meters  in  the  lee  of  the 
house  (on  the  south  and  west  sides)  either 
registered  pressures  much  less  than  those  on 
the  exposed  sides  or  did  not  register  at  all,  in¬ 
dicating  that  considerable  protection  was 
afforded  by  the  buildings. 

(d)  Crater. — The  crater  was  oval,  its  north- 
south  diameter  being  17-feet  greater  than  its 
east-west  diameter.  Its  average  apparent 
diameter  was  165  feet  and  its  maximum  appar¬ 
ent  depth  w’as  13.5  feet.  It  was  not  quite 
concentric,  as  the  center  was  offset  to  the  west 
about  5  feet.  See  figure  36  for  a  contour  plan 
and  profiles' on  the  north-south  and  east-west 
axes.  Figure  37  is  a  photograph  of  the  crater 
taken  looking  ea.stward  from  the  top  of  Igloo 
E,  and  figure  38  is  a  photograph  taken  from  the 
east  rim  looking  westward.  The  latter  .shows 
the  typical  appearance  of  the  interior  of  the 
crater.  The  white  objects  are  fragments  of 
concrete  from  the  igloo,  which  was  so  well  de¬ 
molished  that  no  pieces  over  about  3  feet  in 
longest  dimension  remained.  The  timbers 
which  may  be  seen  in  the  crater  were  evidently 
blown  into  it  during  the  suction  phase  of  the 
blast;  before  the  explosion,  they  were  on  the 
ground  150  feet  or  more  to  the  north.  Exami¬ 
nation  of  the  soil  in  the  bottom  di.sclosed  that 
the  true  depth  (the  depth  actually  excavated 
by  the  exi)losion,  which  is  decreased  when 
earth  which  was  blown  out  falls  back  into  the 
crater)  was  only  from  2  to  2'  o  feet  more  than 
the  apparent  depth.  The  soil  which  had  fallen 
back  was  blackened  and  unstratified,  and  all 
large  aggregate  had  been  fractured.  The  soil 
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Figure  33.  Peak  Blast  Pressure  vs  Distance  fi'om  Charge,  Test  1,  Line  2  (Off  Side) 


Figure  34.  Peak  Blast  Pre.ssure  vs  Distance  from  ChaiRe,  Test  1;  Line  3  (Off  Real") 
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Figurk  35.  Placement  and  Kegistiation  of  Paper  Blast  Meter.s  at  Barracks  (Pressure  in  lbs  /  sq  in)  Test  1 
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Figiire  37.  Crater  resulting  from  explosion  of  Igloo  D  viewed  from  top  of  Igloo  E 


Figure  38.  Crater  from  Igloo  D  explosion  viewed  from  oast  rim 
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bulow  true  bottom  was  a  sand  and  gravel  bed 
which  was  not  noticeably  disturbed  except  that 
most  larjje  stones  were  fractured.  The  iierceiil- 
aKC  of  fractured  ajj^reKate  decreased  appreci¬ 
ably  in  the  depth  of  a  few  feet.  No  lava  was 
encountered  in  the  excavation  in  this  crater, 
which  went  to  6  feet  below  the  deepest  point  of 
the  bottom,  or  to  20  feet  below  normal  jfi’ade. 

(c)  Ground  movement. — Permanent  hori¬ 
zontal  and  vertical  displacement  of  the  surface 
of  the  jjround  which  took  place  around  the  ex- 
plodiiiK  IkIoo  is  depicted  by  figure  39.  Move¬ 
ment  was  generally  away  from  the  explosion 
and  upward,  but  there  are  a  few  excei)tions. 
At  100  feet  from  the  center  of  the  igloo,  hori¬ 
zontal  movement  was  of  the  order  of  1  to  I'o 
•feet,  and  upward  displacement  was  from  about 
1  10  to  9  10  of  a  foot.  At  a  distance  of  250 


feet  from  the  center,  movement  diminished  to 
less  than  1  10  of  a  foot  outward  and  about  the 
same  amount,  or  less,  in  the  upward  direction. 

(f)  Permanent  dmphtcement  of  tar<iet  i</ho.s. 
— The  survey  party  could  detect  no  translation 
or  rotation  of  the  target  igloos  in  the  horizon¬ 
tal  plane,  but  did  record  change  in  elevation  of 
the  floor  and  ceiling  as  indicated  by  figure  40. 
Permanent  deformation  of  internal  dimensions 
of  the  igloos  as  measured  by  the  mechanical 
deflection  gages  are  given  by  figure  41. 

(g)  Tranaient  arch  deflections  of  tavj/et 
iuloos. — Maximum  and  minimum  values  of 
floor-ceiling  dimensions  and  diagonals  from 
springing  section  on  one  side  of  the  igloo  to 
quarter  point  of  arch  on  the  other  side  as  re¬ 
corded  by  the  slide  and  string  deflection  gages 
are  given  by  figure  42. 


NO  SCALE 


«•  -  DIMENSION  INCREASED 
-  -  "  DECREASED 


Fk'.ure  40.  Peimaiipiit  ChanRes  in  Klevation  of  Points  Figure  41.  Permanent  ChaiiRes  in  Internal  Dimen- 

on  Floor  and  Ceiling  in  Igloos  K  and  F  as  Determined  sions  of  Igloos  K  and  F  as  Measured  by  Deflection 

by  Survey,  Test  1  Gages,  Tost  1 
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SECTION  B-R 
SLIDE  GAGE  READINGS 


SECTION  C*C 
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IGLOO  E 


SECTION  D-D 

STRING  GAGE  READINGS 


Nolt  - 

+  -  OIMENSION  INCREASED 
-  -  "  DECNEASEO 


IGLOO  F 


NO  SCALE 


FlorRE  42.  Tiansiont  Distortions  of  Internal  Dimen¬ 
sions  of  Igloos  E  and  E  as  Measured  Iiy  Deficetion 
Gages,  Test  1 


(h)  Dumuije  to  turyct  iyloots:  (1)  lyloo  K. — 
For  views  of  this  ijfloo  taken  immediately  after 
the  explosion,  see  fiKm-es  43  through  46.  The 
photographs  show  that  the  igloo  stood  sub¬ 
stantially  as  it  had  before  the  explosion, 
although  the  earth  cover  was  dishevelled  and 
the  concrete  ventilator  blasted  askew.  Meas¬ 
urements  of  the  depth  of  earth  cover  over  the 
crown  disclosed  that  near  the  rear  of  the  igloo, 
earth  had  descended  from  the  debris  cloud  and 
actually  increased  the  thickness  of  covt  r. 
Adjacent  to  the  headwall,  however,  about  G 
inches  of  earth  had  been  blown  off.  On  oijeiiing 
the  door,  it  was  found  that  the  bomb  stacks 
had  not  been  disturbed  or  displaced  in  any 
manner  whatsoever.  The  headwall  suffered 
■severe  cracking,  mostly  above  6  feet  from  the 
ground,  and  was  displaced  outward,  its  bottom 
edge  being  entirely  separated  from  the  floor 
slab  on  the  inside,  leaving  a  gap  about  2"  wide 
on  the  near  side  (toward  the  explosion)  and  1" 
wide  on  the  far  side.  The  circumferential 
joint  between  the  arch  barrel  and  headwall  was 
ruptured  with  much  spalling;  this  was  most 
severe  on  the  near  side.  The  main  cracks  in 
the  wall  went  through  from  inside  to  out  and 
were  open  up  to  about  '  '■/ .  At  points  where 
cracks  branched,  there  was  considerable  sinUl- 
ing.  There  was  bad  spalling  of  concrete  on  the 
pilasters  on  the  outside  face,  and  the  reinforc¬ 
ing  was  exposed  in  several  places.  The  door, 
which  was  4'  wide  by  8'  IbV'  high  and 
built  up  of  'li"  steel  jdate  with  an  asbestos 
l)lanket  under  a  '/({"  cover  plate  on  its  inner 


Ficvbe  4.3,  Three-quarter  front  view  of  Igloo  E  after  Test  1 
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FiniJRR  44.  Thipp-qnartpr  ipar  view  of  Iffloo  E  after  Tc.st  1 


FiGl  ’E  4.5.  Elose-up  of  front  of  Igloo  E  after  Test  1 
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Fiiii  KK  4().  View  from  inside  Igloo  E  after  Test  1, 
showing  separation  of  fi-ont  wall  from  door  slab. 


face,  was  bellied  in  at  its  center  about  7  16 
but  opened  without  difficulty.  The  arch  barrel 
sustained  three  fine  circumferential  cracks  on 
the  near  side,  the  first  a  branching  one  from  ?> 
to  4  feet  back  from  the  headwall,  starting  near 
the  floor  and  running  to  the  crown ;  the  second 
was  about  30  feet  back  and  ran  from  the  floor 
upward  to  about  10  feet;  the  third  was  40  feet 
back,  and  also  ran  up  to  about  10  feet  above 
the  floor.  A  longitudinal  crack  started  7  feet 
above  the  floor  on  the  near  side  and  ran  gener¬ 
ally  horizontally  toward  the  rear.  At  50  feet 
back  from  the  headwall,  it  branched  to  two 
cracks,  one  7  feet  and  one  10  feet  above  the 
floor.  At  60  feet  back,  there  were  three  cracks, 
at  6,  8,  and  9  feet  up  the  arch.  On  the  far  aide 
of  the  igloo,  there  was  a  diagonal  crack  start¬ 
ing  at  the  floor  5  feet  from  the  headwall  an.l 
running  up  and  tow'ard  the  rear;  at  20  feet 
from  the  headwall  there  were  tw'o  diagonal 
cracks  at  average  heights  of  7  and  9  feet  up 
from  the  floor;  at  30  feet  back,  the.se  cracks 
had  become  horizontal  at  8  and  10  feet  above 
the  floor.  At  40  feet  back,  a  vertical  crack  ran 
from  floor  to  crown.  At  50  feet  to  the  rear 
from  the  headwall,  there  was  a  horizontal 


crack  9  feet  up.  All  of  these  cracks  were  fine 
and  closed  up  tight.  In  the  rear  wall,  there 
was  a  single  crack  running  down  from  the  ven¬ 
tilator  opening  in  the  top  of  the  wall  to  a  point 
on  the  floor  3  feet  on  the  far  side  of  the  center- 
line.  This  crack  was  open  not  over  1  32".  The 
concrete  ventilator  flue  was  broken  loose  from 
the  rear  W’all  and  tipped  away  from  the  blast. 
The  floor  of  the  igloo  was  intact ;  no  cracks 
could  be  found  in  those  portions  not  covered  by 
bomb  stacks.  In  a  few  places  there  was  slight 
cracking  around  the  edges  where  the  floor 
.joined  the  side  wall.  The  gn-ound  slab  or  stoop 
in  front  of  the  door  was  broken  aw'ay  from  the 
headwall,  leaving  a  gap  about  4"  wide. 

(2)  hjloo  F. — Figure  47  shows  the  general 
appearance  of  Igloo  F  after  the  explosion.  Al¬ 
though  its  front  wall  suffered  some  bad  cracks, 
as  shown  by  figure  48,  this  igloo  suffered  con¬ 
siderably  less  damage  than  Igloo  E.  The  most 
severe  cracks  in  the  headwall,  which  were  open 
up  to  about  went  through  to  the  inner 

surface,  and  followed  generally  the  line  of  the 
arch.  The  crack  system  was  less  extensive  than 
in  Igloo  E,  there  was  no  bodily  outward  dis¬ 
placement  of  the  wall,  and  no  spalling  of 
concrete.  There  was  some  cracking  of  the 
.joint  between  the  bottom  of  the  headwall  and 
the  floor  on  the  inside.  The  door  was  undam¬ 
aged.  As  in  Igloo  E,  there  was  no  evidence  of 
any  jostling  or  disturbance  of  the  bomb  stacks. 
No  cracks  could  be  found  in  any  part  of  the 
inside  surface  of  the  arch  barrel.  There  were 
no  cracks  in  the  rear  wall,  and  the  ventilator 
was  intact.  The  floor  was  not  cracked  in  any 
l)ortion  not  covered  by  bomb  stacks  except  for 
two  short,  fine  irregular  crack.s  about  tw'o-thirds 
of  the  way  in  from  the  front  end,  which  were 
suspected  of  being  shrinkage  cracks  overlooked 
in  the  pre-test  inspection.  The  junction  of  the 
floor  slab  with  the  arch  abutments  was  cracked 
slightly,  particularly  within  the  fir.st  10  feet 
back  from  the  headwall.  The  cover  on  this 
igloo  was  practically  undisturbed,  except  for  a 
small  amount  of  subsidence  of  the  fill  at  the 
toes  of  the  slopes. 

(i)  D(nn(i(je  to  rrretmoifK:  (1)  Revetment  1. 
— There  was  no  appreciable  erosion  of  the  earth 
forming  the  revetment  windrows,  although 
there  may  have  been  .some  subsidence  or  sliding, 
particularly  along  the  inner  .slope  of  the  wind¬ 
row  on  the  near  side.  On  this  side,  as  well  as 
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Figure  4!).  Front  of  Revetment  1  after  Test  1 


on  tap  of  the  near  side  of  the  stack  of  mines, 
several  inches  of  earth  (up  to  about  4")  had 
descended.  On  the  far  side  of  the  stack,  a  thin 
layer  of  earth,  not  over  1"  thick,  had  settled. 
All  over  the  top  of  the  stack  there  were  also 
scattered  small  pieces  of  concrete,  and  a  few 
short  sections  of  reinforcinK  bars  and  wire 
mesh.  The  disturbance  of  the  mines  themselves 
was  the  most  notable  feature  of  the  damage 
done.  This  is  illustrated  by  the  photographs. 


figures  49  through  52.  Apparently  the  suction 
phase  of  the  blast  was  responsible  for  the  top¬ 
pling  over  of  the  middle  third  of  the  first  tier 
of  mines  on  the  near  side  of  the  pile,  the  col¬ 
lapse  of  the  corners  of  the  stack  and  the  wide 
scattering  of  individual  mine.s.  Twenty-one 
mines  were  counted  on  the  ground  on  the  near 
side  of  the  revetment,  the  farthest  lying  about 
40  feet  from  the  edge  of  the  stack,  and  32 
mines  lay  on  the  upper  part  of  the  windrow. 


FicURffoO.  Revetment  1  after  Test  1,  lookiiiR  noi  theast 
from  -southwest  corner 
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Figure  51.  Revetment  1  after  Test  1.  Looking  north 
along:  edge  of  mine  stack  from  southwest  corner 


There  were  about  a  hundred  mines  in  the  col¬ 
lapsed  tiers  lyiny  in  between  the  near  side  of 
the  stack  and  the  toe  of  the  revetment  slope.  A 
few  of  the  scattered  mines  were  almo.st  com¬ 
pletely  burled  by  earth  that  had  descended  on 
thi  in.  On  the  far  side  of  the  revetment,  both 
corners  had  partially  collapsed  and  some  thirty- 
odd  mines  had  fallen  from  the  top  edge  of  the 
side  of  the  stack  and  lay  at  the  bottom  of  the 
earth  slope.  No  mines  lay  on  the  upper  part  of 
the  slope  or  had  been  blown  out  of  the  revet¬ 
ment  on  the  far  side.  A  few  of  the  mines  had 
been  struck  by  missiles ;  in  some  cases  mines 
were  broken  out  of  their  crates  and  in  one 
instance  the  mine  itself  was  badly  dented. 

(2)  Revet iiieiit  2. — Figure  53  shows  the  ap¬ 
pearance  of  the  front  of  this  revetment  after 
the  exjilosion.  Mines  were  evidently  sucked 
from  the  top  two  or  three  layers  at  the  front 
of  the  stack  and  scattered  over  the  ground  to 
as  far  as  about  35  feet  from  the  stack.  The 
number  missing  from  the  front  face  of  the 
stack  and  from  the  front  corners  which  had 
toppled  over  was  counted  as  101.  The  two  rear 
corners  also  had  collapsed ;  and  in  addition  18 
mines  were  missing  from  the  top  of  the  rear¬ 
most  tier.  A  few  mines  had  fallen  from  the  top 
edges  along  the  sides  of  the  stack.  A  small 
amount  of  debris  littered  the  top  of  the  .stack. 
The  earth  windrows  were  practically  intact,  but 
there  may  have  been  some  sliding  at  the  bottom 
of  the  slopes  along  the  sides.  The  sandbags  at 


the  bottom  of  the  slope  on  one  side  of  the  en¬ 
trance  were  toppled  over. 

(j)  Dumuije  to  burrock's. — Damage  su.stained 
by  the  three  wood-frame  buildings  will  be 
de.scribed  under  three  headings:  (1)  super- 
licial,  (2)  structural,  and  (3)  glass. 

(1)  Siii)erficiul. — Superficial  damage  is  de¬ 
fined  for  the  imrposes  of  this  report  as  damage 
to  covering  and  trim,  i.e.,  roofing",  siding,  facia, 
window  frames  and  .sash  (excluding  glazing) 
door  frames  and  doors,  casing,  etc. 

1  sustained  extensive  superficial 
damage.  See  figures  54,  55,  56,  add  57,  photo¬ 
graphs  of  its  exterior.  On  the  north  .side,  all 
except  one  of  the  windows  was  blown  in,  along 
with  two  of  the  frames  on  the  second  floor  and 
all  of  the  frames  on  the  ground  floor.  All  the 
w’indow  trim  and  casing  was  bla.sted  off.  The 
a.sphalt  felt  siding  was  torn  loo.se  in  numerous 
places.  On  the  east  elevation,  about  half  of  the 
sa.sh  were  blown  out  of  the  frames.  Other 
sash  remained  in  place  but  were  loosened  or 
hanging  askew,  and  .still  others  had  broken 
stile.s,  rails,  or  muntins.  The  asphalt  felt  siding 
w'as  torn  loose  at  one  point.  On  the  west  ele¬ 
vation,  two  .sa.sh  were  blown  out  of  their 
frames,  and  another  was  loo.sened  and  left  in 
a  canted  position.  On  the  east  slope  of  the  roof 
near  the  .south  end  of  the  ridge,  a  piece  of 
asphalt  felt  roofing  about  7-feet  long  was  torn 
off,  exposing  the  sheathing.  It  was  shaped  like 
a  tear-drop,  with  the  point  toward  the  north. 
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Fiourk  54.  North  elovation  of  Barracks  1  after  Test  1 


FiniiRE  5().  West  elevation  of  Barracks  1  after  Test  1 


On  the  south  elevation,  the  first  floor  floor 
frame  was  flisplacefl  inward  2  inches  at  its  top. 

nairaeh-H  2  received  superficial  damage  .simi¬ 
lar  to  that  of  Barracks  1  but  le.s.s  sevei-e.  Two 
sash  were  blown  in  on  the  north  wall,  and  four 
others  loosened.  The  frame  and  casing  was 
broken  on  the  upper  triple  window  but  re¬ 
mained  in  place.  The  felt  siding  wa.s  torn  in 
two  spiots  on  the  north  wall.  On  the  east  eleva¬ 
tion,  four  sash  were  blasted  in  and  exterior 
trim  was  missing  in  two  places.  On  the  south 
elevation,  the  second  floor  door  casing  w.as 
pulled  downward  2  inches  and  in  1  inch  at  the 
top.  There  was  a  tear-shaped  torn  .spot  in  the 
roofing  on  the  south  end  of  the  ea.st  slope,  in  the 
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Fioure  55.  Ea.st  elevation  of  Barracks  1  after  Test  1 


Fiovre  57.  South  elevation  of  Barracks  i  after  Test  1 


.same  place  as  in  Barracks  1.  The  tear  was  not 
quite  as  large  as  wa.s  the  case  in  Barracks  1, 
however.  Figures  ,58  and  5!)  are  photographs 
of  the  north  and  east  elevations  of  Barracks  2 
after  Test  1. 

nanveks  3  sustained  no  suiterficial  damage 
other  than  a  tear-shaped  torn  spot  in  the  roofing 
near  the  .south  end  of  the  east  sloi)e  of  the  roof, 
which  was  in  size,  shape,  and  location  nearly 
identical  to  the  torn  spots  in  the  roof  of  Bar¬ 
racks  1  and  2.  See  figures  60  and  61.  Th(! 
tear  in  the  siding  next  to  the  upper  left  window 
in  the  latter  jihotograph  was  done  by  wind  l)e- 
fore  the  explosion. 

(2)  StrucfKval. — In  this  report,  structural 
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Figure  58.  North  plevation  of  Barracks  2  after  Test  1 


Figure  59.  East  elevation  of  Barracks  2  after  Titst  1 


Figure  GO.  North  elevation  of  Barracks  3  after  Test  1 


damage  is  considered  to  be  failure  or  displace¬ 
ment  of  structural  members,  including  founda¬ 
tion  posts,  floor  beams  and  joists,  subfloorinp, 
plates,  studs,  columns,  rafters,  and  sheathinff. 

BorntcliN  1  suffered  structural  damaffeas  fol¬ 
lows  :  There  was  evidence  that  the  building  had 
been  rocked  on  its  foundations,  viz.,  the  12"  x 
12"  foundation  po.sts  had  been  pushed  away 
from  the  blast  and  then  back  again,  leaving  a 
void  about  1 "  wide  between  the  ground  and  the 
north  and  south  faces '  of  each  post.  In  the 
north  wall,  every  2"  x  6"  stud  on  the  ground 
floor  was  either  fractured  or  pushed  inward  off 
the  lower  plate,  both  upper  and  lower  plates 
were  split,  2"  x  6"  diagonal  corner  braces  were 


broken,  several  sheathing  boards  were  broken 
and  pulled  away  from  the  studs  and  the  2"  x  6" 
framing  at  the  sill  and  jamb  on  one  side  of  the 
window  opening  was  split.  On  the  second  floor, 
the  north  wall  suffered  one-third  of  its  studs 
broken  and  displaced  inward,  both  upi^er  and 
lower  iflates  fractured,  several  sheathing 
boards  broken  inward,  and  head  and  sill  fram¬ 
ing  of  the  window  opening  fractured.  The 
gable  wall  sustained  breakage  of  about  one- 
third  of  its  2"  X  4"  studs  and  some  sheathing 
was  broken.  The  east  wall  of  the  building  had 
one  stud  cracked  beneath  the  north  window  on 
the  ground  floor.  The  roof  girder  or  purlin  on 
the  east  aide  was  badly  fractured,  and  seven 
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East  elevation  of  Barracks  3  after  Test  1 


Figure  Gi. 


Figure  C2,  Interior  of  Barracks  1  after  Test  1.  Figure  C!!.  Interior  of  Barracks  1  after  Test  1. 
Ground  floor,  looking  northwest  Ground  floor,  looking  southeast 


Figure  04.  Interior  of  Barracks  1  after  Test  1.  Figure  65.  Interior  of  Barracks  I  after  Test  1. 
Ground  floor,  looking  northeast  Ground  floor,  looking  southwest 


Figure  00.  Interior  of  Barracks  1  after  Test  1.  Figure  67,  Interior  of  Barracks  1  after  Test  1. 
Second  floor,  looking  southwest  Second  floor,  looking  northeast 
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Figure  (58.  Damage  to  Barracks,  Barracks  1.  Test  1 


P'lGURK  69.  Interior  of  Barracks  2  after  Test  1.  Fict’RE  70.  Interior,  Barracks  2  after  Test  1.  Ground 
I  Ground  floor,  looking  northeast  floor,  northea.st  corner,  showing  broken  and  displaced 

studding  and  biace 


Figure  71.  Interior,  Barracks  2  after  Test  1.  Second 
story,  looking  northwest 


Figure  72.  Interior,  Bai  racks  2  after  Test  1.  Second 
story,  northeast  corner,  showing  broken  plate  and 
displaced  stud 


Figure  73.  Interior,  Barracks  2  after  Test  1.  Second 
story,  northwest  corner,  showing  displaced  and  frac¬ 
tured  studding 
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Figire  74.  DamaRc  to  Barrack.s,  Barracks  2,  Test  1 
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Figure  75.  Interior,  Barracks  .3  after  Test  1.  Broken 
stud  in  north  wall,  second  story 


Figure  77.  Interior,  Barracks  3  after  Test  1.  Look¬ 
ing  southeast  on  cecond  floor 


rafters  were  split.  A  missile  had  penetrated 
the  east  slope  of  the  roof  leaving  a  hole  about  15 
inches  in  diameter  in  the  sheathing.  For  vari¬ 
ous  interior  views  of  Barracks  1  see  figures  62 
to  67,  inclusive.  For  a  diagram  illustrating  the 
damage  see  figure  68. 

Barrucka  2  suffered  damage  similar  in  char¬ 
acter  but  less  in  extent  than  that  of  Barracks 
1.  In  the  north  wall  on  the  ground  floor,  four 
studs  were  shattered  near  the  east  end,  the 
sheathing  was  split  and  pulled  away  from  Ihe 
studs,  and  a  2"  x  6"  corner  brace  was  broken. 
Tw'o  studs  were  cracked  near  the  west  corner. 
The  lower  plate  was  cracked.  The  head  and  sill 
framing  of  the  window  opening  was  pushed 
askew.  In  the  upper  story,  three  studs  were 
split  in  the  west  end,  three  above  the  window 
where  the  upper  plate  was  also  broken,  and 
sheathing  was  broken  in  beneath  the  window. 
Jamb  framing  on  one  side  was  fractured.  The 
upper  plate  was  split  and  sheathing  pushed  in 
near  the  east  corner  as  well.  Two  studs  were 
split  in  the  north  gable  wall.  There  w'as  no 
other  structural  damage.  For  photographic 
views  of  typical  instances  of  damage,  see  fig¬ 
ures  69-73,  inclusive.  Figure  74  is  a  diagram 
in  w'hich  the  damage  is  detailed. 

Barracks  3  received  only  tw’o  broken  studs 
in  the  north  wall,  one  in  each  story  on  the 
north  wall.  Figure  75  is  a  photograph  of  one 
of  these.  There  was  no  other  structural  dam¬ 
age.  For  views  showing  the  appearance  of  the 
interior,  see  figures  76  and  77. 

(3)  Glass:  Gla.ss  damage  is  defined  as 
cracked,  shattered,  displaced  or  missing  (from 
sash)  window  glazing  material.  Intact  panes 
in  blow'n-out  sash  were  not  considered  dam¬ 
aged.  Bent  plastic  panes  which  maintained  a 
w'eather  seal  were  not  classed  as  damaged. 

Barracks  1  suffered  92  percent  glass  damage 
on  the  north  elevation,  about  75  percent  on  the 
east  elevation,  and  about  10  percent  on  the 
w'est  elevation.  A  detailed  record  of  the  glass 
damage  is  given  by  figure  78,  which  depicts  the 
location,  size,  and  composition  of  each  pane 
broken  or  displaced  from  its  sash  in  the  build¬ 
ing.  The  violence  with  w'hich  the  windows  were 
broken  is  indicated  by  the  sash  and  framas 
blowm  into  the  building  and  halfw'ay  across  the 
floor,  and  the  broken  glass  and  pieces  of  other 
glazing  material  scattered  over  the  floors  as  far 
as  the  opposite  walls.  In  one  instance  a  small 
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Fici  RE  80.  (Hass  Damage,  Barracks  3,  Test  1 


Fkjure  81.  Explosion  of  I>rloo  E — lot  stiije 


Figure  82.  Explosion  of  Igloo  E — 2nd  stage 


Figure  83.  Explosion  of  Igloo  E — 3rd  stage 
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FicrRE  84.  Explosion  of  Igloo  E. — 4th  stage 


piece  of  jjlass  was  found  embedded  in  one  of  the 
timber  columns,  at  a  point  about  three  feet 
above  the  floor.  The  flying  glass  would  have 
been  a  grave  hazard  to  any  person  occupying 
the  building  at  the  time  of  the  explosion. 

Barmcka  2  suffered  38  percent  of  its  panes 
damaged  on  the  north  elevation,  20  percent  on 
the  east  side,  and  only  one  broken  (0.6  percent) 
on  the  west  side.  Figure  79  is  the  detailed 
record  of  glass  damage  in  this  building.  While 
flying  glass  w'as  not  as  severe  as  in  Barracks  1, 
fragments  w'ere  propelled  over  two-thirds  of 
the  distance  across  the  building  interiors.  Sev¬ 
eral  sash  were  blown  into  the  building,  and  one 
came  to  rest  about  a  third  of  the  way  across 
the  floor.  Anyone  within  the  building  would 
have  been  in  serious  danger  of  injury  from 
both  the  glass  fragments  and  the  broken  win¬ 
dow  members. 

Barracks  3  also  received  38  percent  gla.ss 
damage  on  the  north  elevation,  but  only  12  per¬ 


cent  on  the  east  elevation  and  none  on  the  west 
side.  Figure  80  shows  the  damage  in  detail.  It 
is  interesting  to  note  that  there  was  only  one 
case  of  breakage  of  a  pane  of  common  DS  win¬ 
dow  glass  in  this  building.  Nevertheless  there 
were  fragments  of  this  glass  as  well  as  of  plas¬ 
tic  glazing  material  scattered  half  way  across 
the  floor.  While  not  in  as  hazardous  a  po.sition 
as  occupants  of  the  closer  buildings,  any  person 
inside  this  barracks  at  the  time  of  the  explosion 
may  have  been  injured  by  flying  glass. 

2.  Test  2. 

(a)  General. — Igloo  E’s  charge  w’as  bred  at 
1100  MST,  8  October.  The  weather  was  .sunny 
with  few  cloud.s.  The  temperature  was  45°  F., 
the  barometer  25.19"  Hg.,  and  there  was  a 
breeze  of  from  0  to  2  miles  per  hour  from  the 
southwest.  The  detonation  showed  first  a 
bright  flash  which  became  a  .symmetrical  flame- 
filled  cloud  with  sharp-pointed  plumes  shooting 
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a.  Igloo  F  at  iiistant  when  shock  wave  strikes  the 
headwall,  .18  sec.  after  flash.  Line  of  smoke  in  fore¬ 
ground  is  from  primacord  set  off  to  actuate  certain 
instruments. 


c.  Shock  wave  is  over  halfway  down  the  igloo,  at 
.22  sec.  Note  soil  blown  from  behind  headwall  by  eddy 
currents. 


e.  Wave  has  reached  ventilator  at  end  of  igloo  at 
.24  sec.  Plywood  sign  on  side  of  igloo  is  breaking  up. 


Fini’RE  85.  Selected  frames  from 

raiiiclly  upward.  As  it  grew  larger,  the  cloud 
.spread  out  farther  laterally,  the  sharp  plumes 
became  dark  grey  boiling  rolls,  with  a  great 
ball  of  red  fire  playing  inside.  See  figures  81 
and  82  for  photographs  of  its  early  .stages  of 
development.  As  the  fire  died  out  the  cloud 
seemed  to  spiral  upward  more  rapidly  than  it 
spread  laterally,  until  it  began  to  form  a  mu.sh- 
room-like  head  above  a  relatively  narrow  neck. 
After  reaching  a  maximum  height  of  about 


b.  Shock  wave  has  travelled  over  a  quarter  of  the 
length  of  the  igloo,  .20  sec.  after  flash. 


d.  Wave  has  travelled  three-quarters  of  the  length  of 
the  igloo,  .23  sec.  after  flash. 


f.  Wave  front  has  passed  igloo,  whose  entire  sui-face 
is  made  shades  lighter  by  earth  bla.sted  up.  Plywood 
sign  has  flown  to  pieces.  Time,  .24  sec.  after  flash. 

Eastman  Hi-Speed  film,  Test  2 

8,600  feet  the  top  became  separated  from  the 
neck  and  drifted  away  in  an  eastward  direc¬ 
tion.  See  figures  83  and  84  for  photographs  of 
the  cloud  in  its  latter  .stages.  The  head  ulti¬ 
mately  was  about  2  miles  in  breadth,  while  the 
ba.sc  attained  a  diameter  of  more  than  a  mile. 
The  trace  of  the  negative  pha.se  of  the  shock 
wave  was  again  clearly  visible  as  it  emerged 
from  the  cloud  while  the  latter  was  still  in  its 
.sharp-plumed  stage,  and  .spread  outward  like  a 
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bubble  expanding  at  hi^b  velocity.  It  became 
le.ss  distinct  as  it  expanded  and  could  no  longer 
be  seen  when  its  radius  exceeded  2  miles.  The 
observers,  4.1  miles  distant,  felt  no  ground 
shock,  but  again  heard  two  di.stinct  reports  ;i 
fraction  of  a  .second  apart.  In  this  ca.se,  the 
second  report  was  considerably  le.s.s  loud  than 
the  first.  The  air  blast  or  concussion  accom¬ 
panying  the  reports  felt  like  a  sudden  wind 
puff  of  low  velocity. 

(b)  Hl<ih-.s])eed  motion  p/cf/ov.s. — The  hig-h- 
speed  film  of  Igloo  F  taken  during  the  exi)Io- 
sion  of  Igloo  E  showed  the  effects  of  the  .shock 
wave  as  it  swept  across  the  field  of  view.  The 
reflected  wave  from  the  fiont  end  wall  of  the 
target  igloo  is  visible  in  these  pictures  when 
projected,  but  cannot  be  distinguished  in  the 
individual  frames.  Selected  frames  from  this 
film,  which  show  the  igloo  and  progre.ss  of  the 
wave  front  in  several  stages  as  it  swept  from 
headwall  to  toe  of  rear  slope,  are  reproduced 
in  figure  85.  Behind  the  front,  the  earth  em¬ 
bankment  turns  several  shades  lighter,  prob¬ 
ably  due  to  turbulence  of  surface  .soil  picked  up 
by  the  blast.  The  mean  camera  speed  in  this 
sequence  was  about  700  frames  per  second,  as 
calculated  from  the  timing  marks  on  the  film. 
The  shock  wave  arri\'ed  at  the  front  of  the 
igloo  0.18  .seconds  after  the  flash,  correspond¬ 
ing  to  an  average  velocity  of  propag-ation  .'rom 
the  center  of  charge  to  this  point  of  2,220  ft.  ' 
sec.  The  mean  velocity  of  the  wave  as  it 
traveled  the  length  of  Igloo  F  was  about  1,375 
ft.  ''sec.  A  4'  x  8'  plywood  sign  which  had  been 
laid  on  the  earth  cover  on  the  near  side  of  the 
ig-loo  was  blasted  to  i)ieces,  which  traveled  away 
from  the  explosion  during  the  positive  i)hase. 
and  then  returned  to  the  field  of  view  in  the 
negative  phase,  coming  to  rest  not  far  from 
their  original  position. 

The  Fa.stax  camera,  located  at  camera  sta¬ 
tion  Number  1,  2,250  feet  to  the  north,  pro- 
\ided  a  film  showing  the  development  of  th(‘ 
exijlosion  from  a  preliminary  tongme  of  flame 
which  emerged  from  the  front  of  the  igloo,'  to 
a  large  bulbous  cloud  having  a  fiery  center 
ringed  by  sharp  illumes  of  dark  smoke  shooting 
radially  outward.  At  the  end  of  this  film,  the 
usual  white  cloud  was  de\’eloping  from  the 
lower  parts  of  the  main  cloud  mass.  The  shock 
wave  was  not  visible  in  this  film,  but  its  effect 
on  the  ground  in  the  form  of  a  change  to  a 


lighter  shade,  could  be  observed  propagating 
away  from  the  explosion.  Because  of  the  lack 
of  a  telephoto  lens  on  the  camera,  .smaller  de¬ 
tails  of  the  e.xplosion  phenomena,  such  as  wave 
reflections  and  missiles,  were  not  visible.  Fig¬ 
ure  86  shows  selected  frames  from  this  film. 

(c)  Air  bUtst. — Pre.ssures  regi.stered  by  the 
ball  crusher  gages  are  tabulated  in  table  \’. 
Many  of  these  gages  were  lost  or  damaged  by 
missiles  in  this  test,  particularly  on  the  north 
meter  line.  There  is  considerable  .scatter  in  this 
data,  as  there  was  in  the  first  test. 


Tablk  V. — !‘v(ik  bliist  jiressiircs,  /).«./.,  from  hall 
ri  usher  gages,  test  2 


Distance  from 
charKc,  feet  NOL 

120 .  ir)2 

130  .  231? 

140  .  143 


MO . 

140 . ■ . 

140 . 

140 . 

150 .  X 

100  . .  X 


1 

Line  2 

Tiine 

Arco 

NOL  Arco 

NOL 

X 

70  04 

52 

X 

43  40 

40 

X 

43  45 

27 

.  44 

.  01 

X 

37  45 

40 

«S 

52  41 

27 

signifies  no  rear’ing  bcc»i»i»c  gage  was  l(^>t  or  damaged. 


3 

Arcrt 

3S 

21) 


Pressures  obtained  from  the  foil  and  paper 
blast  meters  are  presented  in  table  VI. 


Table  VI. — Peak  blast  pressures,  p.s.i,,  from  foil  ami 
paper  blast  meters,  test  2 


Distance  from 

Line  1 

Ijinc  2 

Line  3 

charge,  feet 

Fell 

Paper 

Foil 

Paper 

Paper 

175  . 

.\ 

34.3 

225  . 

X 

2S.1 

275  . 

34.3 

22, S 

33f»  . 

34.3 

14.S 

3S5  . 

IS. 5 

12.0 

440  . . . 

14. S 

12.0 

500  . 

22. S 

S.2 

12.0 

X 

V.2 

5or>  . 

12.0 

13. S 

0.7 

8.2 

V.2 

040  . 

14. S 

s.2 

7.0 

S.2 

s.2 

725  . 

0.7 

5.6 

6.4 

8.2 

5.6 

S2fl  .  . 

7.0 

5.6 

6.1 

5.6 

5.6 

OlO  . 

0.4 

5.6 

5.2 

5,6 

5.6 

1 .055  . 

3.3 

3.3 

3.3 

1,1011  . 

3.3 

5.6 

2.3 

1.350  . 

3.3 

2.3 

2.3 

1  .r,:io  . 

.04 

2.3 

2.3 

1,730  . 

1.5 

1.5 

1.5 

1  000  . 

.60 

2.3 

.01 

2.220  . 

.60 

.60 

.60 

2  515  . 

.60 

.04 

.60 

2.'<45  . 

.25 

,38 

.60 

3.220  . 

.3S 

.38 

.3,8 

3.050  . 

.60 

.38 

.60 

4,140  . 

.25 

.38 

.3S 

4;fioo  . 

.3S 

<.3K 

<.3'* 

5.310  . 

.38 

<'.3' 

6.000  . 

A 

X 

<.3S 
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c.  Cloud  0.22  sec.  after  flash.  d.  Cloud  0.48  sec.  after  flash.  Vapor  ring  has  formed. 

Dust  geysers  in  foreground  caused  by  missiles  striking 
earth. 

Figure  86.  Selected  frames  from  Pa.stax  film,  Te.st  2 


The  pressures  in  the  above  tables  have  been 
plotted  as  a  function  of  distance  from  center  of 
charge  in  figures  87,  88,  and  89,  which  show 
off-front,  off-side,  and  off-rear  pressures,  re¬ 
spectively.  As  was  the  case  in  te.st  1,  a  slightly 
concave  downward  curve  appears  to  fit  the 
data  better  than  any  other,  and  such  a  curve 
has  been  selected  by  eye  in  each  graph.  These 
curves  indicate  that  the  pressure  was  of  the 
order  of  200  p.s.i.  directly  in  front  of  the  igloo 
at  a  distance  of  100  feet  from  the  center,  while 
only  from  50  to  60  p.s.i.  off  the  sides  and  rear 
at  the  same  distance.  Pressures  on  all  three 
lines  were  about  4  p.s.i.  at  a  distance  of  1,000 
feet,  and  dropped  to  from  0.5  to  0.7  p.s.i.  at 
2,705  feet,  where  the  nearest  barracks  was  lo¬ 
cated.  In  this  test,  two  Aberdeen  paper  blast 


meters  had  been  placed  inside  Igloo  F,  one  near 
the  front  end  and  one  near  the  rear,  both  lo¬ 
cated  on  the  centerline  and  both  facing  north, 
or  toward  the  door.  Neither  of  these  meters 
registered,  indicating  that  the  blast  pressure, 
which  was  of  the  order  of  15  p.s.i.  above  at¬ 
mospheric  outside,  failed  to  communicate  to 
the  interior  to  an  appreciable  extent.  Paper 
meters  placed  in  and  around  the  three  barracks 
registered  as  depicted  by  figure  90.  In  Bar¬ 
racks  1,  the  westernmost  meter  on  each  floor 
regi.stered  a  pressure  of  0.25  p.s.i.  It  is  be¬ 
lieved  that  these  meters  registered  only  because 
the  north  windows  had  been  broken  or  blown 
out  by  the  previous  explosion  and  the  meters 
were  located  in  line  with  the  blast  entering 
throu.gh  these  openings.  Readings  of  meters 
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Figi  re  87.  I’eak  Blast  T  i-ssurc  vs  Distance  from  CharRe,  Test  2,  Line  1  (Off  Front) 
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Figure  88.  Peak  Blast  Pressure  vs  Distance  from  Charge,  Test  2,  Line  2  (Off  Side) 


Figure  89.  Peak  Blast  Pressure  vs  Distance  from  Chaige,  Test  2,  Line  3  (Off  Rear) 
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DIRECTION  OF 
EXPLOSION 
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Ground  Floor  8  Outside 


LEGEND 

N  -  METER  (TOP  EDGE  VIEWED 
FROM  ABOVE) 


Figure  90.  Placement  and  Registration  of  Paper  Blast  Meters  at  Barracks  (Pressure  in  lbs  /  sq  in),  Test 
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Figire  92.  Crater  of  IrIoo  E,  looking  east 


outside  the  huildiiijfs  were  u  bit  higher  than 
those  of  meters  along-  meter  line  3  at  the  same 
distance.  Along  the  north  and  west  elevations 
of  Barracks  1,  readings  averaged  1.2  p.s.i. 
whereas  the  meter  )ino  at  the  -same  distance 
g-ave  a  value  of  about  0.7  p.s.i.  Meters  at 
Barracks  2  averaged  0..')  p.s.i.  while  the  meter 
line  gave  about  .3  p.s.i.  at  the  corresponding 
distance.  It  is  not  thought  advisable  to  permit 
the  readings  of  the  meters  at  the  barracks  to 
influence  the  average  curve  drawn  for  the  meter 
line,  because  of  the  possibility  that  regd.stration 
of  the  meters  at  the  barracks  may  have  been 
affected  by  reflections  of  the  shock  wave  from 
the  walls  of  the  buildings.  Meters  in  the  lee  of 
the  buildings  again  reg-istered  no  pre-ssure  or 
much  leas  pressure  than  the  meters  on  the 
exposed  sides. 
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(d)  Cnttcr. — In  plan,  this  crater  was  nearly 
circular,  the  north-south  and  east-west  appar¬ 
ent  diameters  differing  by  only  about  2  feet. 
The  average  diameter  was  177  feet,  and  the 
maximum  dejAh  was  10  feet.  This  crater 
appeared  much  shallower  than  that  of  Igloo  D, 
and  had  a  more  uneven  bottom  with  many 
heaped-up  places.  The  rim  of  this  crater  did 
not  quite  meet  the  rim  of  the  fir.st  crater,  the 
space  left  between  the  two  being  wide  enough 
for  a  jeep  to  drive  through.  For  plan  and  pro¬ 
files  of  this  crater,  see  figure  91.  For  photo¬ 
graphs,  see  fig-ures  92  and  93,  which  illu.strate 
the  unevenness  of  the  bottom  and  the  distribu¬ 
tion  of  concrete  frag-ments.  Excavation  at  the 
deepest  point  of  the  bottom  di.sclosed  that  the 
true  depth  was  from  2  to  2K  feet  greater  than 
the  apparent  depth.  The  excavation  was  car- 


Fiav’IiE  !I3.  Crater  of  Igloo  E,  looking  southwest 


ried  to  a  depth  of  about  5  feet  below  apparent 
bottom,  or  to  about  15  feet  below  grade,  and 
was  stopped  when  a  stratum  of  light  grey  vol¬ 
canic  rock  was  encountered.  In  the  sides  of 
the  excavation  the  true  crater  bottom  appeared 
as  a  sharp  line;  the  earth  above  was  dark  in 
color,  unstratified,  and  contained  much  frac¬ 
tured  gravel,  while  the  earth  below  lay 
apparently  undisplaced  although  almost  all 
large  aggregate  was  cracked  and  the  volcanic 
rock  seemed  to  have  been  shattered. 

(e)  Ground  movement. — Permanent  horizon¬ 
tal  and  vertical  displacement  of  the  ground  sur¬ 
face  caused  by  the  explosion  of  Igloo  E  is  given 
by  figure  94.  Movement  recorded  along  the 
eight  radii  was  predominately  away  from  the 
explosion  and  upward,  although  there  were  a 
few  instances  of  inward  and  downward  dis¬ 


placement.  At  100  feet  from  the  center,  hori¬ 
zontal  movement  varied  from  1.2  to  0.45  feet 
outward  with  an  average  of  0.8  feet,  and 
vertical  movement  W'as  from  0.22  feet  down  to 
0.36  feet  up,  with  an  average  value  of  0.12  feet 
up.  At  250  feet,  displacements  were  from  0  to 
0.4  feet  outward  with  an  average  of  0.1  feet, 
and  from  0  to  0.12  feet  upward  with  an  average 
of  0.08  feet. 

(f)  Permnnent  di.'tplacemenf  of  tavijet  u/loo. 
— There  was  no  detectable  "novement  of  Igloo 
F  in  the  horizontal  plane,  but  the  igloo  appar¬ 
ently  was  lifted  bodily  about  one-tenth  of  an 
inch.  The  changes  in  elevation  as  determined 
by  surv'ey  are  recorded  in  figure  95,  which  also 
.shows  the  permanent  changes  in  internal  arch 
dimensions.  The  latter  varied  from  plus  to 
minus  1  16". 
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Figure  94.  Permanent  Horizontal  and  Vertical  Earth  Displacement,  Iploo  K,  Te.st  No.  2 
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DETERMINED  BY  SURVEY 


DETERMINED  BY  DEFLECTION 


GAGES 


Fioure  i)5.  Permanent  Changes  in  Filovation  of  Points  on  Floor  and  Ceiling  and  Permanent  Changes  in  Internal 

Dimensions  of  Igloo  F,  Test  2 
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SLIDE  GAGE  READINGS 


STRING  GAGE  READINGS 

Figure  9G.  Transient  Distortions  of  Internal  Dimensions  of  Isrloo  F  as  measured  by  Deflection  GaRes,  Test  2 


(g)  TritHHient  arch  deflections  of  tarfirt  iffloo. 
— Maximum  and  minimum  changes  in  arch¬ 
floor  distances  and  diagonal  distances  from 
points  on  the  arch  on  one  side  to  springing  sec¬ 
tion  on  the  other  side  are  depicted  in  figure  96. 
The  values  vary  from  about  i/j."  plus  to  a  like 
amount  in  the  minus  direction  (decrease  in  di¬ 
mension). 

(h)  Daniaf/c  to  target  iffloo. — Igloo  F  was  not 
seriously  damaged  by  the  second  explosion. 
The  front  wall,  which  tvas  cracked  in  the  first 
test,  suffered  additional  cracks  and  the  previous 
cracks  were  extended  and  opened  wider.  See 
figure  97.  which  shows  the  front  wall  shortly 
after  the  explosion.  Missiles  .struck  the  w'all 


in  numerous  place.s,  leaving  indentations  up  to 
a  foot  in  diameter,  but  no  missiles  penetrated 
through  the  wall.  The  pilasters  on  either  side 
of  the  door  .suffered  severe  spalling  of  the  con¬ 
crete,  as  may  be  seen  from  figures  98,  99,  and 
100.  The  failure  of  the  front  wall  was  such 
that  it  bellied  inward  about  2  inches  in  the 
middle  (note  edge  view  in  figure  99).  Three 
of  the  principal  cracks  reached  the  top  of  the 
wall  and  a  scab  or  broken  piece  of  concrete  was 
dislodged  from  the  top  edge  (see  figures  101 
and  102).  The  door  and  frame  were  bent 
inward  slightly  but  were  in  operating  order 
w'hen  the  igloo  was  opened.  The  bottom  hinge 
anchor  wa.s  nearly  torn  out  of  the  pilaster,  as 


to 
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Fkiurk  97.  Front  of  Ijjloo  F  after  Test  2  Figure  i)8.  Close-up  of  upper  part  of  door  and 

pilasters;  Ijrloo  F  after  Test  2 


Figure  100.  Clo.se-up  of  lower  door  hinge  and  pilaster, 
showing  fi-actured  concrete  over  hinge  anchor;  Igloo 
F  after  Tost  2 


Figure  Oil.  Open  door,  showing  condition  of  front  wall 
at  door  janih;  Igloo  F  after  Tost  2 


Figure  101.  Rear  view  of  upper  part  of  front  wall  as 
viewed  from  top  of  igloo;  Igloo  F  after  Test  2 


Figure  102.  Close-up  of  crack  and  “scab”  from  rear 
of  upper  edge  of  front  wail;  Igloo  F  after  Test  2 
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may  be  seen  in  figure  100.  On  the  inside,  the 
front  wall  was  broken  away  from  the  floor  slab, 
and  most  of  the  exterior  cracks  could  bo  seen 
on  the  inner  surface.  In  addition,  there  were 
a  few  .«palled  places,  particularly  around  the 
door  where  the  inward  deflection  was  greatest. 
There  was  no  appreciable  damage  to  the  rest  of 
the  igloo.  No  cracks  could  be  found  in  the  arch 
barrel,  rear  wall,  or  floor  (other  than  the  few 
fine  shrinkage  cracks  previously  existing).  The 
ventilator  flue  was  intact.  There  was  no  los.s 
of  earth  cover  except  for  slight  erosion  imme¬ 
diately  back  of  the  front  wall.  There  was 
apparently  no  disturbance  of  the  stacks  of 
bombs,  which  stood  just  as  they  had  before  the 
te.st. 


Figure  103.  Revetment  1  after  Test  2,  looking  north 
from  southeast  corner 


Figure  106.  Revetment  2  after  Test  2,  looking  diago¬ 
nally  toward  front  of  mine  stack  from  northwest  corner 


(1)  Dumiuje  to  revetments;  (1)  Revetment  1. 
— Little  or  no  loss  of  earth  was  suffered 
through  blast  erosion.  An  inch  or  two  of  addi¬ 
tional  earth  settled  on  the  windrows  and  on 
top  of  the  mines,  mostly  on  the  near  side.  More 
fragments  of  concrete  and  pieces  of  reinforcing 
steel  also  fell  on  top  of  the  pile.  The  mines 
themselves,  which  had  not  been  restacked  after 
the  previous  explosion,  were  not  further  scat¬ 
tered  except  to  a  minor  extent.  For  photo¬ 
graphs  showing  the  condition  of  this  revetment, 
see  figures  103  and  104. 

(2)  Revetment  2. — This  revetment  was  also 
little  disturbed  by  the  second  explosion.  A 
number  of  additional  mines  were  pulled  from 
the  top  edge  of  the  front  of  the  pile  and  scat- 


F’ioure  104.  Revetment  1  after  Test  2,  looking  north 
from  southwest  corner 


Figure  lOG.  Revetment  2  after  Test  2,  looking  east¬ 
ward  at  rear  of  mine  stack  from  southwest  corner 


74 


tered  on  the  ground,  and  a  few  more  mines 
were  dislodged  from  the  rear  and  side  faces  of 
the  stack.  See  figures  105  and  106. 

(j)  Damage  to  barmckfi:  (1)  Supcrficinl. — 
Barracks  1  lost  large  areas  of  asphalt  felt  sid¬ 
ing  and  the  battens  which  covered  it,  princi¬ 
pally  in  the  gable  and  on  both  sides  of  the  sec¬ 
ond-floor  windows  of  the  north  wall.  In  the 
ea.st  elevation,  two  sash  which  had  been  loos¬ 
ened  in  the  first  blast  were  blown  into  the 
building,  old  torn  spots  in  the  siding  were  made 
larger  and  new  ones  started.  Battens  were 
extensively  broken,  door  frames  and  trim  and 
the  doors  themselves  were  pushed  out  of  line 
by  the  bulged-out  south  elevation.  On  the  west 
elevation,  four  sash  and  parts  of  their  frames 


Figurf,  107.  North  and  w?st  elevations  of  Barracks  1 
after  Test  2 


and  trim  in  the  south  end  of  the  ground  floor 
were  blown  outward,  evidently  by  blast  from 
within  that  entered  through  the  openings  in 
the  north  and  east  walls.  The  toiv  spot  in  the 
roofing  on  the  south  end  of  the  cast  .slope  was 
enlarged  and  a  second  tear  started  just  north 
of  the  first.  For  photographs  of  the  four  ele¬ 
vations,  see  figures  107,  108,  and  109. 

Barracks  2  suffered  further  tearing  of  torn 
spots  in  the  siding  on  the  north  elevation  and 
three  sash  which  had  been  loosened  in  the  first 
test  were  blown  into  the  building  from  this 
side.  Additional  exterior  window-  trim  was 
also  lost.  On  the  east  elevation,  as  well,  three 
more  sash  were  blown  from  their  frames  into 
the  building,  and  two  others  were  broken  in 


FincRK  108.  Fast  elevation  of  Barracks  1  after  Test  2 


Figlre  101).  South  and  we.st  elevations  of  Barracks  1  Figi  re  110.  North  elevation  of  Barracks  2  after  Test  2 
after  Test  2  .  - 


It 
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place.  The  south  wall  was  not  damafe'ed  ex¬ 
cept  for  the  loss  of  a  piece  of  exterior  trim  over 
the  ground  floor  door.  The  west  elevation  was 
not  further  damaged.  The  tear  in  the  roofing 
in  the  upper  portion,  south  end,  of  the  etist 
slope  of  the  roof  was  made  about  twice  as  long 
as  it  was  after  the  first  blast.  Views  of  t;'e 
four  sides  of  the  building  after  te.st  2  are  given 
in  figures  110  through  113. 

Harniclx!^  3  lo.st  one  i)reviously  broken  sash 
from  the  second  floor  windows  of  the  north 
elevation.  Two  other  sa.sh  were  loo.sened,  and 
some  exterior  window  trim  was  displaced  from 
position.  ■  The  east  elevation  escaped  with  no 
further  superficial  damage,  as  did  the  south 
side.  In  the  low’er  part  of  the  west  side,  how¬ 
ever,  a  large  section  of  asphalt  felt  siding  was 
torn  off.  The  torn  spot  in  the  roofing  on  the 
south  upper  portion  of  the  ea.st  slope  of  the 
roof  was  lengthened  so  that  it  was  almo.st  as 
long  a.s  the  buildings.  Figures  114,  115,  and 
116  show  the  north,  east  and  w’est  elevations  of 
this  building  after  the  second  blast. 

(2)  StructunO :  Barmckx  1  received  the  fol¬ 
lowing  additional  structural  damage:  The 
building  was  rocked  on  its  foundation  posts, 
leaving  crevices  between  the  timber  and  earth 
1"  wide  on  the  south  and  east  sides,  wide 
on  the  north  side,  and  closed  up  on  the  west 
side  of  the  posts.  These  measurements  were 
taken  on  posts  on  the  east  side  of  the  building. 
Apparently  the  building  deflected  bodily  away 
from  the  explosion,  then  toward  it  during  the 
negative  phase,  and  returned  to  a  central  posi¬ 
tion  somewhat  west  of  its  original  position.  In 
the  north  wall  on  the  ground  floor,  studs  w’hich 
had  been  merely  cracked  before  w'ere  now' 
badly  fractured  or  broken  out  of  position.  A 
6"  X  6"  post  in  the  w'all  was  knocked  out  of  posi¬ 
tion  and  lay  on  the  floor.  More  sheathing  was 
broken  and  the  jamb  framing  on  one  side  of  the 
window  opening  w'as  split.  In  the  same  wall 
on  the  second  floor,  several  studs  which  had 
been  previously  cracked  were  now'  completely 
broken  or  separated  from  the  sheathing  and 
plates.  In  the  gable  wall,  two  additional  studs 
were  broken,  tw'o  others  loosened,  and  the 
sheathing  broken  up  near  the  peak.  The  east 
and  W'est  walls  did  not  suffer  additional  struc¬ 
tural  damage,  but  the  south  wall,  w'hich  re¬ 
ceived  an  outw’ard  impulsive  force  from  the 
blast  entering  through  the  broken  north  and 


east  windows,  was  displaced  outward  a  maxi¬ 
mum  of  12  inches  at  the  midheight  of  the  build¬ 
ing.  On  the  ground  floor,  the  bottom  i)late  and 
several  studs  were  broken.  A  6"  x  6”  post 
which  supported  a  6"  x  12"  second  floor  girder 
was  pushed  outward  with  the  wall  so  far  that 
the  end  of  the  girder  was  no  longer  bearing  on 
it.  and  the  second  floor  was  left  unsupported  at 
this  point.  On  the  second  floor,  the  south  wall 
had  many  broken  studs  and  cracked  .sheathing. 
In  the  roof,  previously  cracked  rafters  were 
now  badly  fractured,  and  the  broken  purlin 
was  further  split  and  knocked  askew.  Figure 
109  illustrates  the  bulging-out  of  the  south 
W'all,  and  figures  117  through  121  show'  typical 
imstanccs  of  displacement  and  failure  in.side  the 
building.  Figure  122  is  a  diagrammatic  rep¬ 
resentation  of  the  structural  damage  to  this 
building. 

Barmckx  2  was  also  rocked  on  its  foundation 
po.st.s,  leaving  crevices  betw'een  the  earth  and 
sides  of  the  post  2  inches  w'ide  on  the  north,  i 
inch  wide  on  the  ea.st,  l\  ‘->  inches  wide  on  the 
.south,  and  \'->  inch  wide  on  the  w'e.st  sides.  In 
addition,  the  .stringer  bearing  on  the  exterior 
line  of  posts  w'as  pu.shed  inward,  exposing  parts 
of  the  tops  of  the  posts,  and  carrying  the  wall 
with  it.  This  deflection  amounted  to  .3  inches 
on  the  north  side,  2  inches  on  the  east  side,  and 
1<2  inches  on  the  we.st  side.  In  the  north  wall 
on  the  ground  floor,  studding  that  had  been 
cracked  or  loosened  in  the  first  blast  was  more 
seriously  broken  and  .separated  farther  from 
the  plates  and  sheathing.  In  the  second  story, 
previou.sly  broken  stud.s,  plates,  and  sheathing 
w'ere  deflected  farther  inward.  Damage  in  the 
gable  wall  W'as  similarly  increa.sed.  There  was 
no  appreciable  increase  in  .structural  damage 
to  the  remainder  of  the  building.  Figures  123 
through  127  illustrate  typical  cases  of  failure 
and  displacement  of  interior  members,  and  fig¬ 
ure  128  .show's  the  damage  to  the  building  in 
diagrammatic  form. 

Barracks  3  su.stained  one  additional  broken 
stud  in  the  north  wall  on  each  story,  but  no 
other  structural  damage.  Figures  129  and  130 
show'  the  appearance  of  the  interior  of  each 
story  after  the  second  test. 

<  (3)  Glass:  Barracks  1. — There  were  only 

three  additional  panes  broken  in  the  second 
test,  all  of  these  being  in  the  ea.st  elevation. 
Tw'o  were  11%"  x  14^  DS  panes  and  the  other 
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Figurk  111.  East  elevation  of  Barracks  2  after  Test  2  F’igure  112.  South  elevation  of  Barracks  2  after  Test  2 


J’lGURE  11.5.  East  elevation  of  Barracks  3  after  Test  2  Figure  116.  West  elevation  of  Barracks  3  after  Test  2 
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Damage  to  north  wall,  ground  floor  of 
Barracks  1  after  Test  2 


Figure  118.  Damage  in  noi'theast  corner 
of  Barracks  1  after  Test  2 


Figure  119.  Displacement  and  failure  of  studs  and 
plate,  south  wall,  ground  floor.  Barracks  1  after  Test  2 


Figure  120.  Displacement  of  south  wall  and  column 
supporting  2nd  floor,  ground  floor,  Barracks  1  after 
Test  2 


Figure  121.  Looking  up  from  ground  floor,  showing 
separation  of  south  wall  from  2nd  floor  framing. 
Barracks  1  after  Test  2 
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(From  Inside! 


(From  Inside) 


DEVELOPMENT  OF  ROOF  FROM  ABOVE 
(Sheothing  Removed) 


EAST  ELEVATION 


(From  Inside) 


(|  -  Member  Displaced 
Wi'hout  Crocking 
Or  Breoking 


Figure  122.  Damage  to  Barracks,  Barracks  1,  Test  2 
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FlfiURE  124.  lirokdi  studdin};  in  west  part  of  novl!i 
wall,  frround  fi  lor,  Barracks  2  after  Test  2 


Figure  123.  Damafre  in  northea.st  corner 
floor,  Barracks  2  after  Test  2 


Figure  126.  Broken  stud  and  plate  in  north  wall 
second  floor.  Barracks  2  after  Tost  2 


Figure  126.  Broken  studs  in  north  pable.  Barracks  2 
after  Test  2 


Figure  127.  Broken  and  displaced  studs,  north  wall 
second  story.  Barracks  2  after  Test  2 


(From  Inside) 


(From  Inside) 


DEVELOPMENT  OF  ROOF  FROM  ABOVE 

(Sheothinq  Removed) 
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(From  Inside) 
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south  elevation 

(From  Inside) 


Figure  128.  Damage  to  Barracks,  Barracks  2,  Test  2 


Fiourk  129,  Interior  of  lower  story,  lookin};  northeast,  Barracks  3  after  Test  2 


Fioi're  130.  Interior  of  upper  story,  looking  southeast,  Barracks  3  after  Test  2 


was  a  S-’a"  X  9-11/16"  piece  of  Lumapane.  Of 
course,  unbroken  panes  in  sash  which  had 
blown  into  the  building  as  a  result  of  the  first 
blast  were  not  subjected  to  a  proper  test  in  the 
second  explosion  and  breakage  of  such  panes 
was  not  recorded.  Figure  131  gives  the  total 
glass  breakage  as  it  stood  after  the  second  test. 

Barracks  2. — Five  additional  panes  were  out 
of  the  lower  story  sash  of  the  north  elevation. 
Four  were  DS  and  were  broken ;  the  fifth,  which 
was  Duplate,  was  dislodged  from  its  sash  but 
was  not  broken.  One  DS  pane  was  also  broken 
in  the  upper  story  windows  of  the  north  side. 
Two  more  panes  were  out  on  the  east  elevation. 
One  of  the.se  was  a  35”J)"  x  piece  of  wire 


glass  which  was  shattered,  and  the  other  was 
an  S'*/!"  X  9-11/16"  Vimlite  pane  which  was 
torn  from  its  sa-sh.  See  figure  132  for  a  com¬ 
plete  record. 

Barracks  3. — On  the  north  elevation,  four 
panes  of  DS  glass  backed  by  wire  mesh  and  one 
with  no  backing  were  demoli.shed  in  place.  On 
the  east  side,  three  ll-?Ji"  x  14-Yi."  pieces  and 
two  8%"  X  9-11/16"  pieces  of  Vimlite  were 
either  torn  loose,  left  hanging,  or  were  com¬ 
pletely  missing.  One  light  of  Lumapane  11  •"V' 
X  14^1"  in  size  and  one  small  pane  of  the  .same 
material  were  blown  in.  Figure  133  gives  the 
total  glass  damage  to  this  building  following 
test  2. 
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WINDOW  NO  -  SASH  OUT 
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Fir.u  131.  Gla.s.s  Damage,  Barracks  1,  Test 
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OUT,  CRACKED  OR  BROKEN 


OUT.CRACKED  OR  BROKEN 


3.  Test  3. 

(a)  General. — Prior  to  this  tost,  the  earth 
cover  on  Igloo  F  was  increased  according  to 
plan  (see  figure  7).  Figures  134-136,  inclu¬ 
sive,  show  its  appearance  after  this  was  done. 
The  detonation  of  its  charge  took  place  at  1100 
MST,  16  October.  The  sky  was  about  50  per¬ 
cent  overcast  with  thin  cirrus  formations  at  a 
high  altitude.  There  was  a  north  wind  of  vel¬ 
ocity  of  about  16  m.p.h.  The  temperature  was 
51°  F.,  and  the  barometer  25.10"  Hg.  The 
explosion  started  as  a  nearly  spherical  cloud 
with  bright  fire  inside,  then  entered  a  stage  in 
which  sharp  plumes  radiated  outward  from  the 
point  of  origin,  and  within  a  fraction  of  a  sec¬ 
ond  assumed  an  irregular  hemispherical  form 
in  which  the  plumes  became  rounded  rolls 
spreading  as  fast  horizontally  as  vertically.  At 
this  stage  the  upper  portion  appeared  as  dark 
boiling  smoke  with  little  or  no  fire  visible,  while 
the  lower  portion  was  skirted  with  expanding 
sprays  of  ligrht  brown  dust.  Suddenly  a  head 
of  dark  smoke  shot  upward  from  the  main 
mass,  reaching  a  maximum  altitude  of  about 
7,200  feet  above  the  desert.  For  a  time  it  re¬ 
mained  connected  to  the  main  mass  by  a  short 
twisted  neck  and  then,  as  the  wind  ble\^  the 
main  mass  rapidly  southward,  the  head  became 
disconnected  from  the  lower  portion.  It  was 
elongated  but  remained  nearly  vertically  above 
the  point  of  origin,  as  there  was  little  wind 
above  an  altitude  of  about  4,500  feet.  As  the 
lower  cloud  was  driven  south,  it  enveloped  some 


of  the  observers  who  felt  the  sting  of  flying 
.sand,  while  visibility  in  all  directions  was  ob¬ 
scured  by  dust.  The  cloud,  with  all  the  aspects 
of  a  sand  and  dust  storm,  later  swept  over  the 
l)roving  ground  headquarters,  9  airline  miles 
.south  of  the  explosion  site.  Its  course  was 
visible  for  perhaps  20  miles  until  it  gradually 
dis.sipated.  The  trace  of  the  shock  wave  was 
not  visible  in  this  test.  As  was  the  case  in  the 
first  two  tests,  a  double  report  w'as  heard  at  the 
main  observation  station  simultaneously  with 
the  arrival  of  the  air  shock  wave.  The  two  re¬ 
ports  seemed  equally  intense  and  the  interval 
between  them  was  less  than  a  second.  Figures 
137-140,  inclusive,  show  the  development  of  the 
smoke  and  debris  cloud  in  this  explosion. 

(b)  Hif/h-speed  motion  pictures. — The  Fas- 
tax  film  showed  the  formation  of  the  flame, 
smoke,  and  debris  cloud  as  viewed  from  camera 
station  number  1,  2,250  feet  north  of  the  crater 
of  Igloo  D.  The  cloud  exhibited  the  same  gen¬ 
eral  characteristics  as  that  of  the  previous 
explosions,  except  that  it  spread  somewhat 
more  laterally  in  proportion  to  its  height  and 
the  proportion  of  fire  to  the  dark  masses  seemed 
less.  Its  size  was  not  as  great  as  that  of  the 
500,000  pound  explosions.  The  white  vapor¬ 
ous  cloud  seen  in  the  previous  films  was  again 
visible,  but  not  as  extensive;  it  formed  an  ex¬ 
panding  circumferential  band  which  moved 
outward  at  high  velocity  and  passed  out  of  the 
field  of  view.  It  is  thought  that  this  white 
cloud  is  formed  of  moisture  condensed  during 
the  rarefaction  phase  of  the  blast  wave  and  is 


Figure  134.  Three-quarter  front  view  of  Igloo  F  prior  to  Test  3 
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the  same  phenomenon  which  was  seen  bj’  the 
observers  on  the  hill  4.1  miles  southwest  of  the 
explosion  in  tests  1  and  2.  The  fact  that  it  was 
not  visible  from  the  hill  in  this  test  is  in  accord 
with  its  lesser  extent  and  more  ephemeral  char¬ 
acter  as  seen  in  the  high-speed  film.  Selected 
frames  from  this  film  are  reproduced  in  figure 
141. 

(c)  Air  blast. — Pressures  obtained  b}'^  means 
of  ball  crusher  gages,  foil  meters  and  paper 
blast  meters  are  presented  in  tables  VII  and 
VIII. 

These  values  are  plotted  on  logarithmic  paper 
in  figures  142,  143,  and  144,  giving  off-front, 
off-side,  and  off-rear  pressures,  respectively, 
as  a  function  of  distance  from  the  center  of 
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charge.  Average  curves,  fitted  to  the  plotted 
data  by  eye,  show  pressures  of  the  order  of  50 
p.s.i.  besides  and  to  the  rear  of  the  igloo  at  a 
distance  of  100  feet,  and  a  pressure  of  perhaps 
80  p.s.i.  in  front  of  the  igloo  at  the  same  dis¬ 
tance.  At  1,000  feet,  pressures  were  about  2.5 


Figure  135.  Three-quarter  rear  view  of  Igloo  F  prior  to  Test  3 


Figure  136.  Side  view  of  Igloo  F  prior  to  Test  3 


Fir.liUE  Explosion  of  Igloo  F,  1st  stage 
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Fioi  RE  138.  Explosion  of  Igloo  F,  2nil  stage 


Table  VUI. — Peak  hlant  ])irssiircs,  p.s.i.,  from  foil  nod 
paper  meters,  test  1 
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p.s.i.  in  all  directions  from  the  source  and  at 
2,705  feet  (the  distance  at  which  Barracks  1 
was  located) ,  peak  values  had  diminished  to  the 
order  of  0.5  p.s.i.  on  the  side  and  rear  meter 
lines  and  apparently  to  about  0.2  p.s.i.  on  the 
front  lino. 

(d)  Crater. — The  crater  was  approximately 
round,  with  an  averapre  apparent  diameter  of 
137  feet  and  a  maximum  aiijiarent  depth  of  9 
feet.  While  roughly  symmetrical  with  respect 
to  the  longitudinal  axis,  it  was  quite  eccentric 
with  respect  to  the  original  lateral  axis  through 
the  center  of  the  igloo,  the  south  radius  being 
87  feet  while  the  north  radius  was  only  48  feet. 
Thus  the  crater’s  center  was  36  feet  south  of 
its  normal  position.  Apparently  the  expanding 
explosion  gases  excavated  more  soil  under  the 
heavily  earth  covered  portion  of  the  igloo  than 
near  the  uncovered  front  end.  The  bottom  of 
the  crater  was  peculiar  in  that  the  deeply  ex¬ 
cavated  i)ortion  was  shaped  like  a  horseshoe, 
with  the  open  end  pointing  north.  A  ridge  of 
ground  extended  southward  from  where  the 
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FifiUKt;  140.  Explosion  of  Igloo  V,  4th  stage 


0.  Cloud  0.4  sec.  after  (a).  Vapor  ring  has  formed.  d.  Cloud  1.0  sec.  after  (a). 

Figure  141.  Selected  frames  from  Fastax  film,  Test  3 


front  of  the  igloo  had  been,  gradually  sloping 
down  into  the  deeper  channel  in  the  south  part 
of  the  crater.  The  top  of  the  ridge  was  nearly 
at  grade  at  the  north  end,  where  it  connected 
to  outside  grade,  there  being  no  lip  on  the 
crater  at  one  point.  The  lip  was  high  around 
the  sides,  but  highest  of  all  at  the  south  edge, 
where  some  of  the  soil  appeared  to  have  been 
lower  portions  of  the  rear  slope  which  were  not 
completely  displaced  by  the  blast.  There  were 
large  segments  of  foundation  walls  and  spread 
footings  piled  up  near  east  and  west  rims,  some 
of  these  being  as  much  as  15  feet  long.  Such 
pieces  were  extensively  cracked  or  shattered, 
with  twisted  and  bent  reinforcing  rods  pro¬ 
truding  from  their  broken  surfaces.  Some  were 
found  outside  the  crater,  on  the  outer  slope  of 


the  lip,  at  distances  as  great  as  150  feet  from 
the  center.  Ball  crusher  gages  buried  beneath 
such  pieces  were  not  recovered.  The  true 
crater  depth,  determined  by  excavation  at  the 
deepest  point,  was  only  from  6  to  12  inches 
greater  than  the  apparent  depth.  The  soil  in 
this  excavation  had  the  same  general  appear¬ 
ance  and  characteristics  as  that  in  the  craters 
of  Igloos  D  and  E.  Rock  was  not  encountered 
though  the  excavation  was  carried  about  15  feet 
below  natural  grade.  Figure  145  is  a  view 
looking  northerly  across  the  crater  from  a 
point  on  the  south  rim,  and  figure  146  was 
taken  from  the  west  edge  looking  northeasterly. 
In  the  latter  picture,  the  flag  near  the  left  mar¬ 
gin  marks  the  longitudinal  centerline.  A  sec¬ 
tion  of  shattered  footing  lies  in  the  foreground. 
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Fir.UKE  142.  Peak  Blast  Pressure  vs  Distance  from  Charge,  Test  3,  Line  1  (Off  Front) 
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Figure  145.  Crater  of  Igfloo  F,  looking  north  from  south  rim 


Figure  140.  Crater  of  I^loo  F,  looking  northeast  from  west  rim 
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LEGEND 

.14  -  HORIZONTAL  MOVEMENT  IN 
DIRECTION  OF  ARROW. 

+  .11  -  VERTICAL  MOVEMENT  (  +  UPi 
-  DOWN) 

o-2“X2"W00D  HUB  FLUSH 
WITH  GROUND. 


NOTE  - 

ALL  MOVEMENT  GIVEN  IN  FEET. 

Figure  148.  Peniianent  Horizontal  and  Vertical  Earth  Displacement,  Ijiloo  F,  Test  No.  .'5 
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Fi^fure  147  yives  the  profiles  of  this  crater 
alorn?  the  north-south  and  east-west  axes. 

(e)  Ground  movement. — Figure  148  shows 
the  permanent  horizontal  and  vertical  ground 
displacement  determined  by  measurements  of 
the  grid  stakes  around  Igloo  F  after  the  lat¬ 
ter’s  explosion.  As  in  the  previous  tests,  move¬ 
ment  was  predominately  away  from  the  center 
and  upward.  Horizontal  displacements  varied 
from  1.2  feet  outward  at  lOO  feet  from  the 
center  of  charge  to  0.04  feet  inward  at  250  feet. 
Horizontal  movement  was  generally  consider¬ 
ably  greater  in  front  of  the  igloo  than  off  the 
sides  or  rear.  Vertical  displacement  varied 
from  0.24  feet  upward  at  150  feet  south  to  0.06 
feet  downward  at  350  feet  southwest  of  the 
center. 

(f)  Damafie  to  revetments:  (1)  Revetment  1. 
— The  mines  in  this  revetment  had  been  re¬ 
stacked  prior  to  this  test.  The  revetment  and 
its  contents  were  undisturbed  except  for  one 
column  of  mines  which  toppled  on  the  west  side 
of  the  stack.  A  .small  amount  of  earth 
descended  upon  the  top  of  the  stack,  as  well  as 
a  few  small  fragments  of  concrete. 

(2)  Revetment  2. — These  mines  had  al.so 
been  restacked  before  the  third  test.  As  a  re¬ 
sult  of  the  explosion  under  heavily  increased 
earth  cover,  the  revetment  was  deluged  with 
earth  and  the  mines  were  badly  shaken  and 
scattered  about.  Many  crates  were  broken 
open,  mines  dented,  and  a  number  of  loose  acti¬ 
vators  were  found  on  the  ground  at  one  point 
on  the  east  side  of  the  revetment.  Most  of  the 


Figure  140.  Rovetmont  2  after  Test  3,  looking  cast 
from  west  side 


scattered  mines  were  blown  away  rather  than 
toward  the  explosion  as  in  previous  tests. 
Mines  found  lying  on  and  beyond  the  far  win¬ 
drow  numbered  about  150.  The  space  between 
the  near  side  of  the  mine  .stack  and  the  near 
windrow  was  tilled  with  earth  to  within  one  or 
two  feet  of  the  top  of  the  .stack.  Earth  was  np 
to  2  feet  thick  on  top  of  the  near  side  of  the 
stack,  and  the  entire  stack  was  covered  .so  that 
no  mines  could  be  seen  except  near  the  far  edge. 
Three  pieces  of  reinforcing  .steel  rod  were 
found  protruding  from  the  top  of  the  stack. 
Fragments  of  concrete,  wire  mesh,  and  other 
debris  were  abundant  in  the  earth  covering  the 
mines.  Figure  149  is  a  view  looking  eastward 
across  the  top  of  the  half-buried  pile  from  the 
w’est  (near)  side.  Figure  150  shows  the  east 
edge  of  the  stack  as  viewed  from  the  southeast 
corner.  In  the  foreground  may  be  seen  a  large 
number  of  .scattered  mines. 

(g)  Danmye  to  barracks:  (1)  Superficial. — 
Barracks  1  had  been  repaired  before  test  3,  ex¬ 
cept  for  torn  siding  which  was  merely  tacked 
back  in  place,  and  except  for  roofing.  Broken 
window  sash,  frames,  and  trim  were  completely 
renewed.  See  figures  151-154  for  views  of  the 
building  after  the  explosion  of  Igloo  F.  The 
north  end  of  the  building  lost  all  previou.sly 
torn  areas  as  well  as  additional  areas  of  asphalt 
felt  siding  and  the  battens  which  covered  it,  to 
the  extent  that  about  one-half  of  the  sheathing 
was  laid  bare.  One  lower  sash  was  blown  into 
the  building.  On  the  east  elevation,  one  .sa.«h 
was  blown  into  the  building,  two  were  blown 


Figure  150.  Revetment  2  after  Test  3,  looking  north 
from  southeast  corner 
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Fku'RE  151.  North  elovation  of  Banaeks  1  after  Test  3  Fwure  152.  Fast  elevation  of  Barracks  1  after  Test  3 


Figure  163.  Three-quarter  view;  south  and  east  sides  Figure  164.  West  elevation  of  Banaeks  1  after  Test  3 
of  Banaeks  1  after  Test  3 


Firure  157.  South  elevation  of  Barracks  2  after  Test  3  Fioure  158.  West  elevation  of  Barracks  2  after  Test  3 


Fini'RE  159.  North  elevation  of  Barracks  3  after  Test  3  Firure  160.  East  elevation  of  Barracks  3  after  Test  3 


Firure  IGl.  South  elevation  of  Barracks  3  after  Test  3  Figure  1G2.  West  elevation  of  Barracks  3  after  Test  3 
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out,  and  two  others  were  demolished  in  place. 
On  the  south  side,  siding  and  battens  were 
blasted  off  in  several  places.  The  west  eleva¬ 
tion  lost  siding  alongside  upper  and  lower  .story 
windows  at  the  south  end  of  the  building.  On 
the  east  slope  of  the  roof,  the  previously  torn 
spot  did  not  seem  to  have  been  made  any  larger, 

BamtckH  2  was  not  repaired  prior  to  the 
third  test.  On  the  north  face,  a  large  piece  of 
siding  which  had  been  started  in  the  previous 
blast  was  torn  off.  Additional  exterior  trim 
was  broken  around  the  windows  and  one  sash 
which  had  been  left  leaning  inward  after  test 
2  was  now  missing  from  its  frame.  The  east 
and  south  elevations  did  not  receive  additional 
superficial  damage,  but  on  the  west  side  the 
southernmost  window  on  the  ground  floor  was 
blown  out  and  lay  on  the  ground  outside.  On 
the  roof,  there  was  no  further  tearing  of 
asphalt  felt  roofing.  The  external  appearance 
of  the  building  is  shown  by  figures  155-158. 

Barracks  3  was  not  damaged  further  ex¬ 
cept  for  a  single  tear  in  the  siding  on  the  east 
elevation  and  some  increase  in  inward  displace¬ 
ment  of  second  story  windows  in  the  north 
elevation.  Figures  159-162  illustrate  the  ap¬ 
pearance  of  the  building  following  the  third 
test. 

(2)  Structural:  Barracks  1. — The  structural 
repairs  to  this  building  did  not  make  it  as 
strong  as  it  was  originally,  Badly  fractured 
studs,  plates,  and  other  members  were  replaced 
but  those  which  were  merely  cracked  were 
nailed  up  and  left  in  place.  Displaced  members 
were  forced  back  into  position  and  spiked  in 
place,  Broken  siding  was  patched  with  short 
pieces.  The  broken  rafters  and  roof  girder 
were  not  renewed.  Consequently,  damage  was 
more  severe  than  would  have  been  the  case  with 
a  new  building.  On  the  north  side,  nearly  all 
studs  were  broken  on  the  ground  floor,  and  the 
6"  X  6"  post  which  was  fo'.uid  lying  on  the  floor 
after  the  previous  test  was  again  knocked  down. 
Figures  163  and  164  illustrate  this  damage.  Tn 
the  second  story,  half  the  studs  and  the  upper 
plate  in  the  north  wall  were  broken,  and  the 
wail  w’as  displaced  inward  about  6  inches  above 
the  windows.  Several  pieces  of  sheathing  were 
missing  and  much  of  the  remaining  .sheathing 
was  loosened.  See  figure  165.  Half  the  studs 
in  the  north  gable  were  broken  or  displaced, 
and  the  sheathing  loosened.  The  east  and 
south  elevations  escaped  without  structural 


damage,  but  the  south  wall  was  pushed  outward 
from  within  in  the  same  manner  as  in  the 
previous  explosion.  The  maximum  displace¬ 
ment  was  6  inches,  and  occurred  at  the  second 
floor  level  about  10  feet  east  of  the  west  corner 
of  the  building.  Figure  166  shows  how  the 
wall  moved  out,  carrying  the  studs  off  the  lower 
plate  and  fracturing  the  latter  member.  Sid¬ 
ing  was  broken  where  it  was  racked  between 
studs  that  moved  out  and  the  6"  x  6"  posts  that 
remained  in  position.  One  of  the.se  posts  on 
the  ground  floor  was  leaning  in  about  3  inches 
at  its  top.  The  roof  of  the  building  suffered  no 
further  damage,  but  a  piece  of  the  previously 
fractured  roof  girder  fell  down  on  the  ceiling 
joists,  as  shown  by  figure  167.  There  was  no 
evidence  that  the  entire  building  rocked  or 
shifted  on  its  foundation  po.sts.  See  figure  168 
for  a  diagram  of  the  damage. 

Barracks  2,  which  had  not  been  repaired  be¬ 
fore  the  te.st,  suffered  little  additional  struc¬ 
tural  damage.  Previously  cracked  or  displaced 
members  were  cracked  worse  or  displaced 
farther  out  of  position,  but  no  additional  mem¬ 
bers  were  broken. 

Barracks  3,  which  al.so  had  not  been  repaired, 
received  no  further  .structural  damage. 

(3)  Glass  (lamaf/e. — Barracks  1,  which  had 
been  completely  reglazed,  suffered  glass  dam¬ 
age  as  recorded  by  figure  169.  Thirteen,  or  one 
more  than  half  the  panes  were  broken  on  the 
north  side.  Sixty-four,  or  36  percent  were 
broken  in  the  windows  on  the  east  side.  The 
upper  sa.sh  of  window  22  in  the  second  .story 
was  freakishly  demolished  without  all  of  its 
panes  being  broken.  None  of  the  panes  on  the 
west  side  of  the  building  were  broken.  Al¬ 
though  the  window  breakage  was  not  as  violent 
as  in  test  1,  and  fewer  .sash  were  blasted  out 
of  their  frames,  there  was  nevertheless  con¬ 
siderable  flying  glass  as  evidenced  by  frag¬ 
ments  scattered  over  the  floors  of  both  stories. 
Most  of  the  pieces  were  propelled  with  sufficient 
force  to  carry  them  about  two-thirds  of  the 
distance  across  the  interior  of  the  building,  so 
that  any  occupant  of  the  building  would  have 
been  in  considerable  danger  of  injury. 

Barracks  2  had  not  been  reglazed  and  there 
was  no  further  glass  damage  except  in  the  sin¬ 
gle  window  blown  out  of  the  west  side  of  the 
building  on  the  ground  floor. 

Barracks  3  had  not  been  reglazed  and  suf¬ 
fered  no  further  glass  damage. 
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Figure  1G3.  Interior,  Barracks  1  after  Test  3,  showing 
broken  studding,  northwest  corner,  ground  floor 


Figure  164.  Interior,  Barracks  1  after  Test  3,  showing 
broken  studding,  northeast  corner,  ground  floor 


P’lGURE  166.  Interior,  Barracks  1  after  Test  3,  showing 
condition  of  northeast  corner,  2nd  .story 


Figure  166.  Interior,  Barracks  1  after  Test  3,  illus¬ 
trating  displacement  of  .south  wall  at  .second  floor  level 


Figure  167.  East  section  of  roof  framing.  Barracks  1 
after  Test  3,  showing  broken  purlin 
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4.  Test  4. 

(a)  General. — Revetment  1  was  detonated  on 
23  October,  a  clear,  sunny  day  with  a  few 
scattered  cumulus  clouds.  The  appearance  of 
the  exijlosioii  was  markedly  difTerent  from 
those  of  the  igloo  tests.  Following  a  bright 
flash  there  was  a  rapidly  expanding  mass  of 
fire  which  was  first  round,  then  cone-like  with 
its  base  on  the  ground.  Within  a  second,  a  ball 
of  fire  tinged  with  smoke  shot  vertically  up¬ 
ward  from  the  tip  of  the  cone.  As  the  ball  grew 
larger,  the  fire  diminished  and  it  became  a  cab¬ 
bage-shaped  mass  of  black  smoke,  ascending 
swiftly.  From  the  bottom  of  this  head  plumes 
of  smoke  projected  downward  like  tentacles, 
reaching  the  tip  of  the  cone-.shaped  base  which 
now  appeared  as  a  mass  of  dirt  and  dust 
expanding  laterally.  As  the  head  rose  higher, 
it  continued  to  eject  smoke  plumes  downward, 
forming  a  column  connecting  the  head  to  the 
base.  At  maximum  altitude,  which  was  about 
12,000  feet,  the  moi.sture  in  the  head  condensed, 
turning  it  white.  It  became  elongated  hori¬ 
zontally  and  drifted  away  from  the  stem,  taking 
on  the  appearance  of  an  ordinary  cumulus 
cloud,  about  a  mile  in  breadth.  Meanwhile,  the 
du.st  front  on  the  ground  di.ssipated,  after 
reaching  maximum  diameter  of  approximately 
three-quarters  of  a  mile.  Figures  170-173 
show  the  development  of  the  smoke  and  debris 
cloud  from  an  early  stage  on. 

(b)  Hifjh-speed  motion  pictures. — As  seen  in 
the  P’astax  film  the  explosion  in  this  test  dif¬ 
fered  considerably  in  appearance  from  the 
previous  explo.sions.  Starting  as  a  blinding 
flash,  the  fire  quickly  built  up  in  columnar  shape 
and  went  above  the  top  of  the  frame,  so  that  the 
climbing  ball  of  fire  visible  in  the  still  pictures 
taken  from  the  observation  hill  could  not  be 
seen.  That  portion  still  visible  in  the  Fa.stax 
film,  the  cone-shaped  ba.se,  remained  largely  of 
flame  for  some  time,  and  then  gradually 
changed  to  a  dark  smoke  mass.  Its  lateral  de¬ 
velopment  was  not  nearly  as  great  as  in  the  case 
of  an  igloo  explosion.  Selected  frames  from  the 
film  are  reproduced  in  figure  174. 

(c)  Air  blast. — Peak  pressures  were  meas¬ 
ured  by  ball  crusher  gages,  foil  meters,  and 
paper  meters.  Values  obtained  are  given  in 
tables  IX  and  X,  and  plotted  on  logarithmic 
paper  in  figures  175-177.  The  average  curves 
drawn  through  the  plotted  points  indicate  that 


pressures  were  of  the  order  of  250  p.s.i.  di¬ 
rectly  in  front  of  the  revetment  at  a  distance 
of  100  feet  from  the  center,  but  only  about  150 
p.s.i.  off  the  sides  and  rear  of  the  revetment  at 
the  same  distance.  Pressures  in  all  three  direc¬ 
tions  were  about  5  p.s.i.  at  a  distance  of  1,000 
feet,  and  at  2,705  feet  they  w’ere  from  0.75  to 
1.2  p.s.i.,  the  latter  value  being  obtained  on 
meter  line  1  (off  front  of  revetment) . 

Table  IX. — Peak  blast  prcs.’iares,  p.s.i.,  from  hall 
crusher  gages,  test  U 


1  I.ine  1  r  Line  2  Line  3 

Distance  from  ' —  r 

eharKe,  feet  NOL  Arco  NOL '  Areo  NOIj  Areo 

120  .  225  212  1)2  100  85  ?  '  27? 

130 .  100  120  122  111  128  |  GS 

140  .  107  235?  183  77  125  '  107 

140 .  ^9  . 

140  .  .  37  . 

140 .  -Ifi  . 

150  .  125  101  85  60  103  71 

IGO .  18?  75  73  3.5  37?  55 


Table  X. — Peak  blast  ]»-cssures,  p.s.i.,  from  foil  and 
paper  blast  meters,  test  U 


Line  3 

D-stance  from 

— 

ohnruc,  foot  j-oii  Paper 

Foil  Taper 

Paper 

42  .... 

28  . 

18  . 

501)  .  Ki.S 

.  8.2 

S.2 

15 

G40  .  8.2 

.  8.2 

S.2 

ft. 7  . 

.  5.C 

S.2 

1)80  .  6.4  . 

5.2  . 

1,055  .  1  5.n 

.  2.8 

5.G 

l.ll.'iO  .  !  8.8 

.  3.3 

5.G 

1.780  .  2.8 

.  .ft4 

1.5 

.  1.5 

1.6 

2,S45  .  .1)4 

.  .no 

.60 

8,f).’)0  .  .GO 

.  .38 

.60 

4, GDI)  .  1  .25 

.  .25 

.38 

0.000  .  1  <.2.') 

.  <-w 

<.25 

(d)  Crater. — Profiles  along  the  north-south 
and  east-west  axes  are  given  by  figure  178.  The 
average  apparent  diameter  was  138  feet,  and 
the  maximum  apparent  depth  was  16  feet.  This 
crater  was  more  truly  conical  in  shape  than 
those  of  the  igloo  tests  ;  the  sides  sloped  more  or 
less  uniformly  to  the  deepest  part,  which  was 
close  to  the  center.  While  quite  symmetrical 
witli  respect  to  the  east-west  axis,  the  crater 
was  not  so  with  respect  to  the  north-south  axis, 
its  center  being  about  15  feet  south  of  the  lat¬ 
eral  axis  of  the  stack  of  mines.  The  earth  in 
this  crater  was  nearly  devoid  of  debris,  and 
presented  an  appearance  markedly  different 
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Figure  370.  Explosion  of  Revetment  1,  1st  stage 


Explosion  of  Revetment  1.  3 id  stage 


Figure  173.  Explosion  of  Revetment  1,  4th  stage 
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c.  Cloud  0.25  sec.  after  flash.  d.  Cloud  0.78  sec.  after  (a). 

Fir.URE  174.  Selected  frames  from  Fastax  film,  Test  4 


from  that  of  any  of  the  igloo  explosions,  par-  ranged  from  the  order  of  0.6'  away  and  0.4'  up 

ticularly  in  that  it  was  largely  composed  of  silt  at  a  distance  of  140  feet  from  the  center,  to 

and  fine  sand  which  appeared  to  have  been  zero  away  and  about  0.2'  down  at  350  feet, 

compressed  in  layers  which  then  broke  into  (f)  Damage  to  Revetment  2. — Figiire.s  181 
sharp  angular  fragments,  in  many  cases  foli-  and  182  show  the  appearance  of  this  revetment 

ated  or  schistose  in  structure.  This  condition  following  the  fourth  explosion.  Mines  thrown 

is  illustrated  in  the  foreground  of  figure  179,  outside  of  the  revetment  in  the  previous  test 

which  is  a  view  of  the  crater  looking  eastward  had  been  replaced.  In  this  test  they  were  not 

from  the  west  rim.  The  ground  surrounding  as  severely  scattered  but  merely  shaken  up  and 

the  crater  within  a  distance  of  300  feet  in  all  displaced  without  being  thrown  violently  from 

directions  was  littered  with  small  metallic-look-  the  pile.  Some  additional  earth  de.scended  on 

ing  spheres  which  were  hollow  and  could  be  the  stack. 

crushed  in  one’s  hand  like  cinders.  This  slag-  (g)  Damage  to  barracks:  (1)  Superficial. — 
like  material  was  probably  produced  by  fusing  Barracks  1,  not  having  been  repaired  prior  to 

and  oxidation  of  the  sheet  steel  mine  cases  and  this  test,  lost  nearly  all  of  the  remaining  as- 
crates.  phalt  felt  siding  and  battens  on  the  north  eleva- 

(e)  Ground  movements.  —  Permanent  dis-  tion,  to  the  extent  that  about  90  percent  of  the 

placement  of  the  ground  surrounding  the  ex-  sheathing  was  uncovered.  Another  sash  was 

plosion  is  recorded  on  figure  180.  Movement  blown  into  the  building  from  the  upper  story 

was  predominately  outward  and  upward,  and  windows  on  the  north  side.  On  the  east  eleva- 


106 


Figure  175.  Peak  Blast  Pressure  vs  Distance  from  CharKe,  Test  4,  Line  1  (Off  Front) 


Figure  176.  Peak  Blast  Pressure  es  Distance  from  Charge,  Test  4,  Line  2  (Off  Side) 


Figure  177.  Peak  Blast  Pressure  vs  Di.stance  from  Charge,  Test  4,  Line  3  (Off  Rear) 


NOTE  - 

ALL  DIMENSIONS  ARE  IN  FEET.  EAST  -  WEST  ^  PROFILE 


Figure  178.  Crater  Plan  and  Profiles,  Test  4 


tion,  a  few  previously  torn  spots  in  the  sidin.i? 
were  made  worse,  five  additional  sash  were 
blown  in  and  one  left  hanging  askew.  Further 
damage  was  done  to  exterior  window  trim.  On 
the  south  face,  torn  siding  now  exposed  about 
one-third  of  the  sheathing,  and  parts  of  the 
second-story  door  frame  and  trim  were  broken 
and  missing.  The  west  elevation  lost  a  little 
more  siding  at  the  south  end  of  the  building 


and  the  muntins  were  broken  out  of  two  upper- 
story  sash.  The  four  elevations  of  the  building 
are  shown  in  figures  183-186. 

Barracks  2  suffered  a  large  tear  in  the  siding 
on  the  north  gable.  The  upper-.story  windows 
in  the  north  wall  were  displaced  inward  further 
but  not  blown  completely  out  of  their  frames. 
On  the  east  side,  one  additional  sash  was  blown 
in  on  the  ground  floor,  and  one  of  the  upper 


no 


Ficure  179.  Crater  of  Revetment  1,  looking  east  from  west  rim 


windows  lost  parts  of  its  exterior  trim.  On  the 
south  elevation  the  upper-story  door  was  blown 
out  and  there  was  a  tear  in  the  siding  next  to 
the  lower-story  door.  There  were  two  addi¬ 
tional  tears  in  the  siding  on  the  west  side  of  the 
building.  See  figures  187-190. 

Barracks  3  did  not  receive  further  superficial 
damage  excejit  for  a  small  amount  of  inward 
deflection  of  the  upper  windows  in  the  north 
side,  together  with  di.splacement  of  trim.  See 
figures  191-194. 

(2)  Structilrar— Barracks  1  lost  a  number  of 
sheathing  boards  on  both  the  north  and  .south 
aides,  and  most  of  the  remaining  were  either 
fractured  or  displaced  from  po.sition.  The  en¬ 
tire  north  wall  bulged  inward  about  a  foot, 
while  the  .south  wall  bulged  outward  a  like 
amount.  Practically  all  of  the  studs  were  either 
broken  or  out  of  place  in  the  north  wall,  and 
about  half  the  .studs  were  in  similar  condition 
in  the  .south  wall.  A  4"  x  6"  post  in  the  south 
wall  which  had  supported  the  end  of  a  floor 
girder  was  knocked  down,  leaving  the  second 
floor  hanging  at  this  point.  A  few  studs  were 
cracked  in  the  east  and  south  walls,  and  a  few 
more  rafters  were  broken  on  the  ea.st  side  of 
the  roof  near  the  north  end.  Although  damage 
was  quite  extensive,  the  building  was  in  no 
danger  of  collapsing,  inasmuch  as  the  interior 
columns  and  the  ea.st  and  we.st  walls  w^ere 
nearly  intact,  .structurally.  Typical  .scenes  in¬ 
side  thi.s  building  are  given  in  figures  195  and 
196. 

Barracks  2  suffered  similarly  but  much  le.ss 
ill  extent.  Most  of  the  .studs  were  broken  in  the 


north  wall,  permitting  it  to  bulge  inward,  par¬ 
ticularly  around  the  window.s.  Some  studs 
were  broken  in  the  south  wall  as  well,  and  it 
was  displaced  outward,  the  maximum  deflec¬ 
tion  being  about  8  inches  at  the  second-floor 
level. 

Barracks  3  e.scaped  further  structural  dam¬ 
age. 

(3)  Glass  (lamcKje. — Inasmuch  as  the  win¬ 
dows  had  already  been  exposed  to  repeated 
blasts  and  suffered  extensive  breakage,  detailed 
records  of  additional  breakage  were  not  made 
in  the  field.  The  following  de.scription.s  are 
based  on  a  study  of  photographs. 

Barracks  1  lo.st  five  additional  lights  from  the 
north  window.s,  one  being  a  pane  of  Duplate, 
another  being  wire  glass  and  the  other  three 
common  gla.ss.  On  the  ea.st  elevation,  four  com¬ 
mon  glass,  one  Lucite,  and  one  Flex.seal  pane 
were  broken  in  the  windows  with  medium¬ 
sized  panes.  All  the  remaining  sash  with  small- 
sized  panes  were  blown  into  the  building.  Seven 
panes  were  broken  in  the  we.st  windows. 

Barracks  2  received  another  broken  pane  of 
common  glass  on  the  north  .side.  Four  addi¬ 
tional  panes  were  out  on  the  east  elevation, 
these  being  medium-sized  panes  of  wire  glass, 
Lumapane,  Flex.seal  and  Duplate.  Some  panes 
were  broken  in  the  window  blown  out  of  its 
frame  on  the  we.st  .side  of  the  building. 

Barracks  3  lost  a  pane  of  Duplate  (which 
may  not  have  been  broken)  from  the  north  ele¬ 
vation  and  a  medium-sized  pane  of  Lumapane 
was  torn  out  of  one  of  the  east  windows.  The 
we.st  windows  remained  un.scathed. 
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Figure  180.  Permanent  Horizontal  and  Vertical  Earth  Di.splacemcnt,  Revetment  No.  1,  Test  No.  4 


Figure  181.  Revetment  2  after  Test  4,  looking  north 
from  south  windrow 


Figure  182.  Revetment  2  after  Test  4,  looking  north 
from  southeast  corner 
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Fir.uriE  183.  Barracks  1  after  Test  4; 
north  elevation 


Fir.uRE  184.  Bai-racks  1  after  Te.st  4 ; 
oast  elevation 


Fl(ii  RE  185.  Barracks  1  after  Tost  4; 
south  elevation 


Figure  180.  Bai'racks  1  after  Test  4; 
west  elevation 


Figure  187.  Barracks  2  after  Test  4; 
north  elevation 


Figi're  188.  Bai  iacks  2  after  Test  4; 
cast  elevation 
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Flc.inE  li'l.  Barracks  3  after  Test  4;  north  elevation  Figure  192.  Barracks  3  after  Test  4;  east  elevation 


Figure  193.  Barracks  3  after  Te.st  4;  .south  elevation  Figure  194.  Barracks  3  after  Test  4;  west  elevation 
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Figure  198,  Explosion  of  Revetment  2,  2nd  stage 


Figure  195.  Interior  of  Barracks  1  after  Test  4, 
looking  toward  northeast  corner  on  second  floor 


I  !!■  I 


Figure  19C.  Interior  of  Barracks  1  after  Test  4, 
showing  separation  of  south  wall  from  second  floor, 
and  missing  sheathing 
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Figure  199.  Explosion  of  Revetment  2,  3rd  stapre 


Figure  200.  Explo.sion  of  Revetment  2,  4th  .stage 
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a.  Flash. 


1).  0.14  sec.  after  flash. 


c.  0.45  sec.  after  flash.  Vapor  obscures  base  of  cloud. 


d.  Cloud  1.4.3  sec.  after  flash.  There  is  still  flame  in 
the  cloud.  The  “dust  front’’  on  the  Rround  has  pro- 
Kres.sed  beyond  tbe  margin  of  the  picture. 


Figure  201.  Selected  frames  from  Fastax  film,  Test  5 


5.  Test  5. 

(a)  General. — The  explosion  of  Revetment  2. 
which  took  place  on  25  October,  appeared  much 
the  same  a.s  that  of  the  first  revetment,  except 
that  the  head  of  the  smoke  cloud,  after  reach¬ 
ing  a  maximum  altitude  of  about  6,500  feet, 
was  blown  rapidly  away  by  a  northwest  wind 
at  the  upper  levels.  Figures  197-200  illustrate 
the  development  of  the  cloud  as  recorded  by  still 
camera  at  the  observation  point,  and  figure  201 
shows  selected  frames  from  the  Fastax  film, 
taken  from  camera  station  number  1. 

(b)  Crater. — The  average  apparent  diameter 
was  122  feet  and  the  maximum  apparent  depth 
9.6  feet.  The  shape  was  roughly  conical,  the 
deepest  part  being  at  the  center.  For  east-west 
and  north-south  profiles,  see  figure  202.  The 
earth  in  this  crater  had  the  same  appearance 


which  characterized  that  in  the  crater  of  test 
4,  consisting  of  sharply  broken  clods  of  com- 
pre.ssed  fine-grained  soil  with  a  peculiar  schis¬ 
tose  structure.  The  clods  were  friable,  how¬ 
ever,  and  not  indurated.  Figure  203,  a  photo¬ 
graph  of  the  crater  looking  westward  from  the 
east  rim,  illu.strates  the  appearance  of  this  soil. 

(c)  Gromid  mnreyyient. — Figure  204  gives 
permanent  horizontal  and  vertical  displace¬ 
ments  of  the  ground  surface  surrounding  this 
explosion.  Horizontal  movement  was  predomi¬ 
nately  away  from  the  center,  and  varied  from 
0.37'  at  140  feet  to  zero  at  250  feet.  Vertical 
movement  was  mostly  upward  in  close  to  the 
explosion  but  subsidence  prevailed  at  150  feet 
and  beyond.  Values  ranged  from  0.17'  upward 
at  140  feet  to  a  maximum  downw’ard  movement 
of  0.07'  at  200  feet,  and  a  minimum  downward 
movement  of  0.01'  at  350  feet  from  the  center. 
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note-  east  -  WEST  t  profile 

ALL  DIMENSIONS  ARE  IN  FEET. 

Figure  202.  Crater  Plan  and  Profiles,  Test  5 
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(d)  Dumuije  to  barracks:  (])  Superficial. — 
liar  racks  .1,  another  sash  was  blown  in  from 
one  of  the  north  windows,  and  there  was  a  little 
more  tearing  of  the  asphalt  felt  siding  on  the 
north  side.  On  the  east  elevation  a  sash  which 
had  been  left  hanging  askew  in  the  previous 
blast  was  now  missing  from  its  frame,  and  the 
siding  on  this  side  was  torn  a  little  more.  The 
south  elevation  lost  more  siding  to  the  extent 
that  half  the  sheathing  was  uncovered,  and  the 
upper  story  door  was  blown  out.  On  the  west 
side,  there  was  further  tearing  of  siding  and  a 
previou.sly  broken  upper  sash  was  blown  in 
from  one  of  the  second-story  windows.  For 
photographs  of  the  elevations,  see  figures  205- 
207. 

Barracks  2,  a  little  more  siding  was  gone  in 
the  north  gable  and  alongside  the  door  in  the 
south  elevation.  Another  sash  was  missing 
from  one  of  the  north  windows.  Figures  208- 
211  are  views  of  the  four  sides  of  the  building. 

Barracks  3,  figures  212-215  show  that  there 
was  no  appreciable  further  damage,  other  than 
a  loose  sash  falling  to  the  ground  from  an 
upper-story  window  in  the  north  wall. 


(2)  Structural. — Barracks  1,  more  sheathiug 
was  broken  and  missing  on  the  north  and  south 
elevations,  and  these  walls  were  distorted 
further.  The  roof  seemed  to  sag  a  bit  more 
where  broken.  No  additional  major  framing 
members  failed,  however,  and  the  building  was 
still  in  no  danger  of  collapsing. 

Barracks  2,  outside  of  some  further  cracking 
and  displacement  of  previously  broken  mem¬ 
bers,  and  some  increase  in  distortion  of  the 
building  as  a  whole,  there  was  no  additional 
.structural  damage. 

Barracks  3,  no  further  structural  damage 
was  noted. 

(3)  Gla,ss  damage. — Barracks  1,  one  addi¬ 
tional  light  of  common  glass  backed  by  wire 
mesh  was  mi.ssing  fron  one  of  the  north  win¬ 
dows. 

Barracks  2.  three  more  medium-sized  panes 
of  common  gla.ss  were  broken  or  missing  on  the 
ea.st  elevation.  The  panes  in  the  upper  sa.sh 
blown  out  of  the  second-story  windows  on  the 
north  side  were  probably  broken  by  the  fall  to 
the  ground.' 

Barracks  3,  no  further  gla.ss  damage. 


Figure  203.  Crater  of  Revetment  2,  looking  west  from  east  rim 
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Figure  204.  Permanent  Horizontal  and  Vertical  Karth  Displacement  Revetment  No.  II,  Test  No.  .5 
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Kk.thk  205.  North  and  we.st  elevations  of  Barracks  1 
after  Test  5 


FicrRE  20().  East  elevation  of  Barracks  1  after  Test'S 


Fici  re  207.  South  elevation  of  Barracks  1  after  Test  5  Figure  208.  North  elevation  of  Barracks  2  after  Test  5 


Figure  209.  East  elevation  of  Barracks  2  after  Test  5 


Figure  210.  South  elevation  of  Barracks  2  after  Test  5 
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Figure  212.  North  elevation  of  Barrack.s  3  after  Test  .5  Figure  213.  East  elevation  of  Barracks,  3  aft  i  Tost  5 


Figure  214.  South  elevation  of  Barracks  3  after  Test  6  Figure  215.  West  elevation  of  Barracks  3  after  Te.st  5 
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B.  RESULTS  OBTAINED  BY  PARTICIPATING  ORGANIZATIONS 


I.  Naval  Ordnance  Laboratory. 

(a)  Geueml. — Preliminary  information  on 
the  results  obtained  by  this  group  is  summar¬ 
ized  below.  The  final  report  depends  on  cor¬ 
relation  with  results  of  the  United  States 
Weather  Bureau  and  the  Army  Weather  Serv¬ 
ice  (Signal  Corps)  participation  and  is  not  ex¬ 
pected  for  some  time. 

(b)  Measurements  nf  mieroharographic 
waves. — Pressure  waves  were  recorded  by  the 
subsonic  frequency  (V  <  2  cps)  microbaro¬ 
graphs  at  .stations  141,  182,  292,  and  452  km 
distant  (Burley,  Idaho;  West  Yellowstone, 
Mont.;  Clearfield,  Utah;  Great  Falls,  Mont.). 
Both  normal  and  abnormal'  signals  were  re¬ 
corded  at  182  and  292  km;  no  clear  abnormal 
signals  were  observed  at  141  km.  The  largest 
recorded  signal  at  182  km.  was  an  abnormal 
velocity,  3  cycle  wave  train  220  dynes  cm.-- 
peak-to-peak  pressure,  from  a  250,000-poutid 
explosion.  No  consistent  signal  travel  time 
differences  resulted  from  changing  charge 
weight  between  6,400  and  500,000  pounds  of 
TNT  (several  explosions  of  small  open  stacks 
of  land  mines,  not  included  in  the  program  were 
set  off  in  order  to  extend  the  range  of  micro¬ 
barograph  data),  nor  were  signal  strengths 
predictable  from  charge  weight.  Incidence 

i  n.  OutcnlMTg,  Ihmibuck  drr  Geop/ivstk  0,  89  (1982);  Pull.  Am. 

Soc.  20.  192  (1939);  J.  Aams.  Sor.  .Im.  14.  151  (1942). 


angles  of  rays  descending  at  182  km.  are  un¬ 
known,  but  this  distance  approximates  the  in¬ 
ner  boundary  of  the  abnormal  audibility  zone 
at  this  season.  Calculations  assuming  a  con 
.stant  positive  temperature  gradient  above  each 
highest  point  of  observed  temperature,  and 
neglecting  wind,  establish  34  km.  as  a  minimum 
altitude  at  which  ground  temperature  could  be 
reached. 

2.  Naval  Ordnance  Test  Station,  Inyokern. 

(a)  General. — Given  herewith  is  a  synop.si3 
of  the  results  obtained  by  this  group.  The 
complete  reports  are  filed  in  the  Bureau  of  Oi’d- 
nance. 

(b)  Air  blast  records. — Shock  wave  veloci¬ 
ties  measured  by  means  of  the  foil  bridges  in 
test  1,  as  well  as  peak  pressures  calculated  from 
the  velocities  by  means  of  the  Rankine-Hugo- 
niot  relation,  and  peak  pressures  determined  by 
the  Bikini  type  foil  gages  in  five  different  ori¬ 
entations  are  presented  in  table  XI.  No  results 
were  obtained  from  the  diaphragm  strain  gages 
becaii.se  of  excessive  cable  “hash”  which  ob¬ 
scured  the  signals  from  the  gages. 

From  the  data  obtained,  it  was  concluded 
that  the  measurement  of  shock  velocity  pro¬ 
vides  a  simple  and  accurate  method  of  deducing 
peak  pressure.  By  cross  checks  obtained  from 
independent  measurements,  the  method  ap- 


Tamlf,  XI. — Air  blast  data  from  X.O.T.^'.,  Indukrrv,  tcs>  I 
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pearecl  to  be  accurate  to  better  than  1  percent. 
Pressures  obtained  close  to  the  charge  were 
considerably  greater  than  the  estimated  values, 
which  were  based  on  experience  with  smaller 
charges.  It  was  stated  that  one  obvious  effect 
which  contributes  to  the  failure  of  the  simple 
cube  root  theory  is  the  circumstance  that,  be¬ 
cause  of  the  large  physical  size  of  the  charge 
in  this  test,  it  cannot  be  detonated  simultane¬ 
ously,  so  that  for  a  considerable  di.stance  away 
from  the  charge  the  shock  wave  will  continue 
to  be  supplied  with  additional  energy  from  be¬ 
hind,  and  perhaps  will  travel  as  much  as  a 
thou-sand  feet  before  its  attenuation  becomes 
normal. 

With  respect  to  the  Bikini  type  foil  gages,  it 
was  stated  that  the  overestimation  of  peak 
pressures  by  these  gages  in  face-on  orientation 
when  the  “Crossroads”  calibration  was  used,  is 
consistent  with  the  assumption  that  in  this 
orientation  the  gage  responds  to  .some  extent  to 
the  impulse  of  the  blast,  as  w’ell  as  to  peak  pres¬ 
sure.  The  ratio  of  impulse  to  peak  pressure  at 
Arco  was  probably  much  higher  than  that  ob¬ 
taining  during  the  calibration  of  the  gages 
(performed  at  Aberdeen  Proving  Ground). 

No  dependence  of  peak  pressure  on  height 
above  the  ground  was  found  at  a  given  station 
when  pressure  w'as  simultaneously  measured 
with  foil  gages  from  the  ground  level  up  to  a 
height  of  5  feet. 

The  attempt  to  measure  shock  wave  velocity 
by  means  of  the  argon  flares  was  unsuccessful, 
as  the  flare  traces  did  not  show  on  the  films. 
It  was  thought  that  they  were  engulfed  by  ob¬ 
scuring  earth  before  the  .shock  wave  arrived. 
This  could  only  have  happened  to  the  nearest 
flares,  however. 

(c)  Information  (jained  from  high-speed 
photographij. — The  Pasadena  physics  section's 
Fastax  pictures  of  the  explosion  of  Igloo  D 
show  the  assymetry  imparted  in  the  forwai’d, 
rearward,  and  upward  directions.  The  rear¬ 
ward  shock  is  the  weakest  of  the  three.  The 
forward,  although  strongest  Initially  because 
of  the  absence  of  earth  cover,  at  about  0.04  .sec¬ 
onds  falls  behind  the  vertical  shock.  The  maxi¬ 
mum  shock  velocity  attained,  aside  from  the 
initial  jet  at  the  igloo  door,  is  for  the  forward 
direction  and  is  given  by  both  the  Fastax  and 
Bowen  RC-4  records  as  approximately  5,800 
feet  per  second. 


Initial  details  of  the  explosion  are  furni.shed 
by  both  films: 

1.  An  initial  jet  at  the  door  of  the  igloo  which 

attains  a  velocity  of  1(1,000  feet  per  second. 

2.  Formation  of  a  Macli  Y-type  wave  front  some 

50  feet  in  front  of  the  igloo. 

3.  Details  of  destruction  of  the  igloo.  Initially,  the 

front  and  unsupported  face  is  blown  out;  next 
the  top  of  the  igloo,  starting  at  the  front.  As 
the  rupture  develops,  it  is  rapidly  followed  by 
the  escaping  shock  which  finally  merges  with 
the  shock  front  escaping  at  the  rear  ventilator. 
(Note:  The  ANESB  Fastax  record  of  Igloo 
D’s  explosion,  which  showed  the  magazine 
broadside-on,  clearly  shows  the  largest  initial 
flame  to  be  at  the  rear  of  the  igloo.) 

3.  Signal  Corps,  Army. 

The  data  obtained  by  the  Signal  Corp.s  in 
these  tests  are  in  the  process  of  being  analyzed 
and  it  is  anticipated  that  a  complete  report  will 
be  available  about  15  April  1947. 

4.  United  States  Weather  Bureau. 

(a)  General. — The  following  information  is 
extracted  from  a  preliminary  report  by  the 
Weather  Bureau.  More  complete  data,  includ¬ 
ing  the  results  of  the  high  altitude  .soundings 
at  remote  locations,  will  appear  in  a  final  re¬ 
port. 

(b)  Tables  and  diagrams. — Figmres  216  and 
217  are  the  surface  weather  maps  for  1130  MST 
on  the  mornings  of  the  first  and  .second  tests, 
respectively.  Figure  218  is  a  reproduction  of 
a  .section  of  one  of  the  microbarograph  traces 
that  indicated  a  po.ssible  pressure  wave  passage. 
The  black  arrow  points  to  the  portion  of  the 
trace  showing  a  deflection  attributed  to  the 
explosion.  Tables  XII  and  XIII  list  the  seven 
stations  where  the  high  speed  microbarographs 
were  installed  to  record  the  passage  of  the 
shock  wave.  The  azimuth  and  distance  in  miles 
are  indicated  for  each  station.  The  computed 
time  of  passage  of  the  pressure  wave  was  de¬ 
rived  from  the  di.stance  and  the  formula  v  — 
20.1  \/T,  where  v  is  the  velocity  of  sound  in 
m/sec.  and  T  the  surface  absolute  temperature 
between  the  explosion  point  and  the  station. 
The  computed  values  for  the  velocity  of  sound 
on  October  1  ranged  from  1120.2  to  1126.5  ft/ 
sec.  and  on  October  8  from  1105.0  to  1106.6  ft/ 
sec.  Additional  columns  contain  the  observed 
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SURFACE  MAP 


11:30  A.M.  M.S.T. 
October  1,  1946 


Fioure  216.  Weather  Map,  Test  1 


Ficl'RE  217.  Weather  Map,  Test  2 
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time  of  passage  as  calculated  from  the  traces, 
the  character  of  the  pressure  wave  trace,  the 
amplitude  of  the  maximum  compression  wave, 
the  description  of  any  sound  heard  and  some 
information  on  the  weather  at  the  station. 
Figures  219  and  220  summarize  some  of  the 
data  from  the  tables  on  polar  coordinate  paper. 
In  these  diagrams  the  position  of  the  various 
stations  are  plotted  with  respect  to  the  explo¬ 
sion  point  together  with  a  .symbol  indicating 
whether  or  not  the  microbarograph  trace  indi¬ 
cated  the  passage  of  a  pressure  wave  and 
whether  the  sound  was  heard  at  the  estimated 
time  of  pas.sage  of  the  wave.  Howe,  Idaho, 
where  the  sound  of  the  explosion  was  heard, 
according  to  a  newspaper  report,  is  included. 

(c)  Weather  conditions. — October  1,  1946: 
Squally  weather  associated  with  pas.sage  of  a 
cold  front.  Widespread  thunderstorm  activity 
reported  over  entire  area.  Intermittent  rain- 
showers  reported  over  the  test  area  with  a  ceil¬ 
ing  of  1,500  feet.  Wind  was  from  SSE  at  6 
m.p.h.  The  observer  at  the  Observation  Point 
reported  a  “hemispheric  concussion  visible  for 
about  6-8,000  feet  from  the  explosion.  It  had 
the  api)earance  of  fog  forming  and  dissipating 


as  it  moved.’’  Due  to  the  high  relative  humid¬ 
ity,  adiabatic  expansion  caused  by  the  explosion 
cooled  the  air  to  its  dew  point  at  each  rarefac¬ 
tion,  while  the  following  compression  wave 
heated  the  air  sufficiently  to  dissipate  the  con¬ 
densed  particles.  In  order  to  estimate  the  in¬ 
tensity  of  the  pressure  wave  in  the  area  where 
the  fog  was  forming  and  dissipating,  calcula¬ 
tion  of  the  pressure  fall  associated  with  this 
condensation  was  made.  The  only  .station  pres¬ 
sure  available  was  24.936  in.  of  mercury  at  the 
Warehouse  and  the  nearest  station  reporting 
both  temperature  and  dew  point  temperature 
was  Idaho  Falls.  These  values  yield  approxi¬ 
mately  35  m.b.s.  (equivalent  to  about  0.5  p.s.i.) 
as  the  degree  of  rarefaction  necessary  for  this 
formation  of  fog.  This  is  a  minimum  value  and 
the  actual  pressure  drop  may  have  been  larger. 

October  8,  1946:  An  entirely  different 
weather  situation  existed.  An  upper  cold  front 
had  passed  over  the  area  during  the  previous 
night,  causing  rain  in  the  general  area.  On  the 
morning  of  the  test,  relatively  clear  weather 
prevailed  over  the  explosion  area.  Surface 
winds  were  still  from  the  SE  while  winds  aloft 
were  from  the  northwest.  Photographs  of  the 
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Table  Xll. — Ilesiilfs  of  explosion  at  Aeco  Snval  I'toeing  Groiiiids  at  1100  M.  S.  T.  October  1,  1046,  as  recorded 

by  iVeufher  Itiireaii  high  speed  microhnro graphs 
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‘Newspaper  uecount  rcpoitcd  smind  of  explosion  heard  «t  Howe,  Idnlio  12  miles  NW  oC  explo^flen. 

^  See  (lelailetl  discudsion  in  body  of  paper. 

'•37  aeo.  repo;  led  ou  NavnI  Ordnance  Lab  iralory  electric  mlcrobaroKraivi  as  lime  of  wave  pusaatre. 


Table  XIII. — liesiilts  of  explosion  at  Area  Naval  I’roving  Grounds  at  1100  M.  S.  T.  October  S,  191,6,  as  recorded 

by  Weather  Iliireait  high  speed  iiiicrobarographs 
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Summary  of  Observations .  October  1,  1946,  Explosion 


L  E  0  S  N  0 

•  Pressure  wave  discernible  on  microbarograph  trace 
O  No  discernible  deflection  on  mlcrobarograph  trace 
0No  discernible  deflection  on  mlcrobarograph  trace 
but  sound  of  explosion  audible 
O  Pressure  wave  discernible  on  mlcrobarograph  trace 
but  sound  of'exploslon  not  audible 
-}•  Sound  of  explosion  audible  (newspaper  report) 


rir.i’RK  219.  Plot  of  Obsorvatioii  Stations,  Test  1 
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Observation  Point 

t/l  \  V\V.W:y--V7/ 

Warehouse 


Idaho  Falls 


iKil 


Summary  of  Observations.  October  8,  ]'?46,  Explosion 
L  E  S  E  N  D 

•  Pressure  wave  discernible  on  microbarograph  trace 
O  No  discernible  deflection  on  microbarograph  trace 
0  No  discernible  deflection  on  ralcrobarograph  trace 
but  sound  of  explosion  audible 


Burley 


Figure  220.  Plot  of  Observation  Stations,  Test  2 
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explosion  reveal  that  the  lower  section  of  the 
explosion  cloud  was  carried  to  the  northwest  by 
the  surface  winds  while  aloft  the  winds  carried 
the  upper  portion  of  the  cloud  to  the  southeast. 
A  souiidin}^  at  Boise  showed  that  a  very  stable 
layer  of  air  existed  in  the  lower  levels  over  the 
Southern  Idaho  area.  This  stable  layer  fav¬ 
ored  a  more  pronounced  pressure  wave  as  was 
.seen  from  the  difference  in  amplitudes  of  the 
pressure  waves  recorded  on  the  microbaro- 
;rraphs  for  the  two  days, 

(d)  Coiicliimons  from  7neteorolo<fical  duta. — 
1,  Within  20  miles  of  the  explosion,  the  high 
speed  microbarographs  were  able  to  record 
deflections  due  to  passage  of  the  pressure 
wave. 

2.  Very  weak  deflections  due  to  the  pas.sage 
of  a  pressure  wave  were  recorded  at  a  distance 
of  44  miles. 

3.  Beyond  44  miles,  no  deflections  due  to  the 
pas.sage  of  a  pressure  wave  were  discernible. 

4.  A  zone  of  audibility  extends  at  least  up  to 
50  miles.  Burley  (88  miles)  is  in  a  zone  of 
silence. 

5.  The  amplitude  of  the  pressure  wave  de¬ 
creases  with  the  distance  from  the  explosion. 

6.  The  character  of  the  trace  caused  by  the 
passage  of  a  pre.ssure  wave  is  (a)  one  larger 
wave  and  several  smaller  ones  of  diminishing 
amplitude  for  stations  within  10  miles  of  the 
explosion  and  (b)  sinusoidal  waves  of  uniform 
small  amplitude  beyond  the  10-mile  point. 

7.  Waves  of  greater  amplitude  were  observed 
in  the  more  stable  atmosphere  except  in  the 
immediate  vicinity  of  the  explosion. 

5.  St.  Louis  University. 

At  this  writing,  information  as  to  the  results 
obtained  by  this  group  is  not  at  hand,  but  it  is 
expected  that  a  report  will  be  available  in  the 
near  future  through  the  Office  of  Naval  Re- 
.search. 

6.  Woods  Hole  Oceanographic  Institution. 

(a)  General. — A  complete  report  on  the  par¬ 
ticipation  of  this  organization  in  the  tests  and 
the  results  obtained  by  means  of  their  free 
piston  gages  is  on  file  with  the  Board  of  the 
Bureau  of  Ordnance.  The  following  is  a 
synopsis  of  the  results. 

(b)  Air  meamirements. — It  was  found 


from  results  on  four  of  the  tests  (Igloo  E,  Igloo 
F,  Revetment  1,  Revetment  2)  that  no  great 
difference  could  be  di.scerned  in  peak  pressure 
versus  reduced  distance  between  open  revet¬ 
ments  and  earth  covered  concrete  igloo-type 
magazines  at  pressures  of  less  than  5  p.s.i. 
Therefore,  in  reporting  results,  all  four  tests 
were  grouped  together. 

Interpretation  of  the  positive  impulse  versus 
distance  data  also  showed  that,  within  the 
range  of  pressures  measured,  the  500,000 
pound  charge  in  an  igloo  was  equivalent  to  a 
bare  charge  of  approximately  170,000  pounds 
of  TNT. 

In  the  equations  given  below  of  other  para¬ 
meters  measured,  the  following  symbols  are 
used : 

I,,  =  positive  impulse  (Ibmsec/in.®) 

I„  =  negative  impulse  (Ibmsec/in.') 

P„  =  negative  pressure  (Ib/in.") 

T„  =  positive  duration  (msec.) 

T„  r=  negative  duration  (msec.) 

R  =  distance  from  center  of  charge  (ft.) 

W  =  weight  of  charge  (lb.) 
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Some  representative  pressure-distance  meas¬ 
urements  are  as  follows: 

R 

(ft/lb'  "')  80  38  21  15  12.5  10.8  8.6  G.8 

Peak  Pressure  0.5  1  2  3  4  5  7  10 

(Ib/iir) 

It  is  estimated  that  sy.stematic  errors  inherent 
in  the  gage  cause  positive  impulse  results  to  be 
low  by  about  10  percent  and  peak  pressures  to 
be  low  by  about  5  percent. 

Second  shocks  were  shown  by  the  free  piston 
gage  records  to  have  occurred  in  the  explosions 
of  Igloo  E  and  the  two  revetments.  It  was 
stated  that  the  time  of  occurrence  of  the  second 
shock  (the  period)  measured  from  the  arrival 
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of  the  initial  peak,  depends  upon  the  nature  of 
the  explosive,  the  presence  or  absence  of  a  case, 
the  weig’ht  of  charge,  and  the  distance  from  the 
charge. 

7.  Office  of  Naval  Research. 

(a)  Gciterol. — The  interest  of  the  represen¬ 
tatives  of  this  agency,  who  collaborated  witn 
the  United  States  Coast  and  Geodetic  Survey, 
lay  largely  in  determination  of  velocities  accel¬ 
erations  and  other  characteristics  of  seismic 
waves  and,  through  interpretation  of  the  data, 
obtaining  information  on  the  subsui'face  struc¬ 
ture  of  the  lava  plain.  A  report  containing 
some  of  the  results  has  been  published  by  the 
United  States  Coast  and  Geodetic  Survey  and 
is  in  the  Board’s  files.  A  more  complete  report 
is  expected  in  the  near  future.  Some  of  the  in¬ 
formation  obtained  is  summarized  below. 

(b)  SHbsuj-face  velocity  zoven. — Three  dis¬ 
tinct  velocity  zones  are  indicated.  The  subsur¬ 
face  to  a  depth  of  700  feet  is  shown  by  logs  of 
two  water  wells.  The  first  zone,  comprising 
thick  beds  of  lava  separated  by  thin  layers  of 
clay,  sand  and  gravel,  has  a  sound  velocity  of 
6,600  ft/sec.  and  is  approximately  500  feet 
thick.  The  second  zone  is  similar  lo  the  first 
to  a  depth  of  700  feet  except  for  the  pre.sence 
of  water.  The  sound  velocity  in  this  bed  is 


9,900  ft/  S(!c.  It  apparently  starts  at  the  water 
table  and  extends  to  a  depth  of  4,500  feet.  The 
third  zone  transmits  the  sound  wave  at  19,800 
ft/sec.  and  may  be  tightly  folded  sediments  or 
igneous  rock. 

Absorption  coefficients  for  the  third  zone  are 
as  follows: 

P  wave  -  Period  0.2  sec.  u  =  0.14  per  km. 

S  wave  -  Period  0.5  sec.  a  =  0.09  per  km. 

(c)  Surface  displucetuetd.'i  u)id  accelerations. 
— The  following  data  refers  to  250,000-pound 
explosions.  Maximum  ground  displacement  at 
the  7.2  mile  station  was  approximately  0.00035 
cm.,  and  at  9.9  miles  it  was  approximately 
0.0002  cm.  Accelerations  at  these  distances 
were  about  0.05  and  0.025  cm/sec.^  re.spec- 
tively.  These  data  were  plotted  on  graphs  to¬ 
gether  with  similar  data  from  the  1945  Arco 
te.sts,  and  average  lines  showing  displacement 
and  acceleration  as  a  function  of  distance  from 
the  charge  were  drawn.  On  logarithmic  paper, 
these  lines  were  straight.  At  a  distance  of 
about  0.11  mile,  maximum  displacement  was 
about  0.3  cm.  in  a  wave  having  a  period  of  0.2 
.sec.  Waves  of  longer  period  may  have  had 
greater  displacements.  Acceleration  at  0.11 
mile  was  about  520  cm/sec.,  representing  a 
horizontal  thrust  of  0.53w  pounds  at  the  ba.se 
of  any  object  on  the  ground,  where  w  is  the 
weight  of  the  object  in  pounds. 


PART  V.  DISCUSSION 


I.  Review  of  explosion  manifestations  as  per¬ 
ceived  by  observers. 

(a)  Typical  appearance. — The  .simple.st  type 
of  explosion  included  in  the  program  was  that 
represented  by  the  revetment  shots.  These 
typified  the  ca.se  of  detonation  of  an  open 
charge  with  its  center  of  gravity  at  or  .slightly 
above  the  earth’s  surface.  The  forms  taken  by 
the  fire,  smoke  and  shock  wave  in  the  case  of 
a  detonation  of  500,000  pounds  of  TNT  in  a 
revetment  as  seen  by  the  observers  .from  a  dis¬ 
tance  of  4.1  miles  are  illustrated  by  the  sketches 
of  an  idealized  explosion  of  this  type,  in  figure 
221.  First  to  appear  is  the  flash,  showm  in 
sketch  (a).  At  about  0.1  second  after  the  flash. 


there  is  a  mass  of  bright  yellow  fire  whose  lower 
edges  are  tinged  with  dark  smoke,  as  depicted 
by  (b).  The  protuberance  at  the  top  of  the 
mass  is  the  beginning  of  the  fire  ball  which 
later  pu.shes  out  of  the  top  and  emerges  from 
the  lower  mass.  The  shock  wave  is  leaving  the 
.mass  at  this  stage,  but  cannot  be  seen  as  well 
as  the  arc  drawn  in  this  sketch,  if  it  can  be  dis¬ 
tinguished  at  all.  In  (c),  the  fire  ball  has 
emerged  from  the  lower  mass  and  is  ascending 
rapidly.  From  its  lower  edges,  it  is  ejecting 
ma.s.ses  of  dark  smoke  and  missiles  which  leave 
visible  trails.  The  color  of  the  fire  has  changed 
to  orange  or  even  red  at  this  .stage,  which  is  of 
the  order  of  one  second  after  the  flash.  The 
lower  mass  consi.sts  of  dark  smoke  and  dust 
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Flot'RK  221.  Forms  of  an  idealized  revetment  explosion 


and  iti  shaped  like  a  cone.  The  white  vapor  rin!;: 
ha.s  emerged  from  the  ha.se  and  is  at  .some  dis¬ 
tance  from  the  center,  apjiearinjt  as  a  thin 
white  arc  movinj>'  radially  outward  at  hish 
speed.  This  is  condensed  vapor  in  the  rare¬ 
faction  portion  of  the  shock  wave,  which  is 
usually  clearly  visible  and  is  erroneou.sly 
thoujfht  to  be  the  shock  front  itself  by  many 
observers.  In  sketch  (d),  the  visible  fire  has 
played  out  of  the  ball,  which  now  apjiears  as 
dense  black  smoke,  and  is  still  risinjr  rapidly, 
the  smoke  ejected  from  its  bottom  forming  a 
continuous  column  connecting  it  to  the  funnel- 
shaped  base.  This  stage  is  reached  at  from  10 
to  15  seconds  after  the  detonation.  Sketch  (e) 
shows  the  final  stage  of  the  cloud,  prior  to  dis¬ 
sipation.  It  has  reached  maximum  altitude,  in 
this  case  about  10,000  feet,  and  the  head  has 
turned  white,  owing  to  conden.sation  of  water 
vapor  in  the  explosion  gases.  The  stem  has  ex¬ 
panded  and  is  less  dense,  and  the  base  has 
reached  its  maximum  breadth  (about  •*1.  mile), 
and  is  about  to  dissipate.  The  cloud  reaches 
this  form  approximately  45  seconds  after  the 
detonation. 

(b)  Effect  of  if/Inn  on  appearance  of  explo¬ 
sion.  —  In  the  case  of  a  detonation  initiated 
within  an  igloo,  the  resulting  fire  and  smoke 


cloud  is  restrained  by  the  concrete  and  earth 
cover  in  its  initial  vertical  development,  and  is 
made  to  spread  more  in  horizontal  directions. 
The  eventual  height  reached  by  the  cloud  is 
probably  independent  of  the  cover,  being 
mainly  a  function  of  the  ma.ss  of  the  hot  gases 
and  atmospheric  conditions  prevailing  at  the 
time.  Figure  222  illustrates  various  stages  of 
an  idealized  igloo  explosion.  The  open  fire-ball 
stage  is  much  more  brief  and  is  supplanted 
immediately  by  the  dark  round  smoke  and  earth 
cloud  having'  sharp  plumes  shooting  radiaUy 
outward,  .shown  in  sketch  (c).  The  fire  is 
present  inside  the  cloud  but  is  largely  obscured. 
In  the  next  .stage  (d),  the  cloud  takes  a  large 
irregular  form  and  is  composed  of  dense  black 
or  dark  brown  boiling  or  billowing  rolls.  In 
the  final  stage  (e)  the  stem  is  much  thicker 
than  in  an  open  explosion  and  expands  as  it 
de.scends  to  the  wide,  flaring  base. 

(c)  Effect  on  explosion  irhen  charpe  is  stored 
in  iploo  irith  aar/mented  earth  cover. — The  ef¬ 
fect  of  twice  the  standard  amount  of  earth  on 
the  exploding'  igloo  is  to  increase  the  breadth 
of  the  base  of  the  cloud  .still  further.  Althoug'h 
the  head  of  the  cloud  is  not  changed,  it  re.sts 
upon  a  fat  pyramidal  base  without  any  inter¬ 
vening  stem  or  neck.  The  maximum  diameter 
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Fi(;l  re  222.  Fomi.?  of  an  idealized  igloo  e.^plosion 


of  the  base  seems  to  be  at  least  doubled.  Fig"- 
ure  139  is  a  good  illustration  of  this. 

(d)  Ap])e(tm»ce  of  shock  tvai'c. — It  was  not 
the  shock  wave  itself  but  its  effect  on  the 
ground  and  the  atmosphere  that  was  seen  by 
the  observers  on  the  hill  4.1  miles  from  the  ex- 
plo.slons.  As  it  advanced  over  the  surface  of 
the  ground,  the  blast  picked  up  dust  and  loose 
surface  soil  and  set  them  in  turbulent  motion. 
This  formed  a  pall  several  feet  in  thickness, 
with  its  top  parallel  to  the  earth’s  surface  and 
possessing  a  higher  light  reflectivity  than  the 
undisturbed  ground.  Passage  of  the  shock 
wave  was  thus  marked  by  a  rapidly  expanding 
circle  of  lighter-colored  ground,  which  followed 
the  blast  wave  until  the  latter’s  intensity 
dropped  to  a  point  at  which  it  would  no  longer 
entrain  dust  and  loose  earth.  In  addition  to 
the  advancing  “dust  front”  the  presence  of  the 
wave  was  indicated  by  condensed  atmospheric 
vairor  in  the  rarefaction  phase.  As  the  pres¬ 
sure  dropped  below  normal,  the  temperature 
fell  below  the  dew  point  and  droplets  of  water 
appeared,  forming  a  whitish  cloud  which  disap¬ 
peared  as  soon  as  the  pressure  returned  to 
normal ;  thus  was  created  the  wraith-like  semi¬ 
circular  band  which  traveled  outward  in  the 
wake  of  the  shock  front. 


(e)  The  double  report. — Instrumental  evi¬ 
dence  of  the  existence  of  the  second  report  as 
heard  by  the  observers  on  the  hill  4.1  miles  from 
the  explosions  is  found  in  the  results  obtained 
by  the  Woods  Hole  group  with  the  free  piston 
gages.  Pressure-time  curves  based  on  their 
data  show  the  pres-sure  returning  to  normal  fol¬ 
lowing  a  relatively  short  negative  phase,  and 
then  increasing  above  normal  on  a  steep  slope. 
Peak  pressure  values  of  the  second  shock  were 
not  indicated,  but  they  were  evidently  a  great 
deal  lower  than  those  of  the  primary  shock.  As 
previously  stated,  no  adequate  explanation  of 
this  phenomenon  has  been  given.  It  seems 
probable  that  the  shape  of  the  charge,  the  de¬ 
gree  of  compactness  or  separation  in  group.s, 
and  the  manner  of  detonation  are  intimately 
connected  with  this  question. 

2.  Information  obtained  from  high-speed  mo¬ 
tion  pictures. 

(a)  Chronoloup  of  destruciion  of  e.cploded 
iploo. — The  Fastax  films  of  the  igloo  explosions 
showed  in  every  case  that  the  front  and  rear 
walls  failed  first,  as  tongues  of  flame  appeared 
at  the  ends  before  they  emerged  from  the  top. 
In  the  second  or  third  frame  after  the  flames 
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appeared  at  the  ends,  small  jagged  tongues 
were  seen  emerging  all  along  the  top,  as  the 
latter  disintegrated.  Within  two  or  three  more 
frames,  all  flames  had  grown  to  such  propor¬ 
tions  as  to  join  in  one  large  mass  of  fire,  and 
no  portion  of  the  structure  could  thereafter  be 
distinguished.  This  sequence  plus  the  fact  that 
damage  to  target  Igloo  E  in  test  1  consisted 
almost  entirely  of  failure  of  the  front  wall 
would  seem  to  indicate  that  the  weakest  portion 
of  the  standard  igloo  as  now  designed  is  the 
end  wall.  For  a  time  all  that  could  be  seen  was 
brilliant  flame ;  this  indicates  that  a  large  part 
of  the  explosion  gases  had  found  their  way  past 
the  .solids  of  which  the  structure  and  its  cover 
were  composed.  It  is  during  this  stage  that 
the  gases  are  pushing  back  the  surrounding 
atmo.sphere  and  “piling  it  up”  in  a  compression 
or  .shock  wave  which  will  travel  outward 
separately  as  soon  as  the  expansion  of  the  ball 
of  gases  begins  to  slow  down.  Then  the  fire 
ball  becomes  tinged  with  smoke,  and  dark 
mas.ses  emerge,  rapidly  changing  it  into  a  dark 
gray  or  black  cloud  with  plumes  shooting  out¬ 
ward  and  upward.  The  dark  masses  consist  of 
the  heavier  matter,  including  smoke,  earth,  and 
small  fragments  of  the  structure,  which  are 
carried  beyond  the  envelope  of  flame  by  their 


greater  particle  momentum,  while  the  flame 
recedes  to  the  interior  of  the  cloud  and  begins 
to  die  out. 

(b)  Order  of  appearance  of  explosion  phe¬ 
nomena. — As  recorded  in  the  Eastman  Hi- 
Speed  films,  the  agents  sent  out  appeared  at  a 
point  about  200  feet  from  the  center  of  a  500,- 
000  pound  igloo  explosion  in  the  following 
order:  shock  front,  fire  and  smoke  cloud,  vapor 
cloud,  and  missiles.  The  .shock  front  and  vapor 
cloud  of  course  continued  to  propagate  away 
from  the  source  at  a  dimini.shing  velocity, 
approaching  that  of  sound.  The  expan.sion  of 
the  fire  and  smoke  cloud  decelerated,  however, 
permitting  the  missiles,  which  were  relatively 
large  fragments  with  considerable  momentum, 
to  overtake  it.  By  the  time  the  cloud  had 
reached  a  diameter  of  500  or  600  feet,  most  of 
the  larger  mi.ssiles  were  probably  beyond  it. 

(c)  Appearance  of  shock  front. — The  shock 
front  itself,  being  a  curved  surface  (theoreti¬ 
cally  .spherical)  in  the  atmosphere  at  which  the 
pressure  rises  discontinuously  from  normal  to  a 
peak  value,  cannot  be  seen,  for  pres.sure  or  a 
change  of  pre.ssure  is  not  a  visible  entity.  How¬ 
ever  the  zone  of  compressed  air  refracts  light 
rays  passing  through  it  in  such  a  way  as  to  dis¬ 
tort  objects  .seen  through  it,  in  much  the  same 
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manner  as  ‘‘heat  waves”  rising  from  a  hot  sur¬ 
face,  such  as  a  tarred  roof  in  the  summer  sun. 
Where  the  shock  front  cuts  across  outlines  of  an 
object  in  the  background,  the  outlines  may  be 
shifted  and  made  discontinuous.  When  viewed 
from  a  suitable  angle,  preferably  with  illumi¬ 
nation  from  a  point  on  the  opposite  side  of  the 
wave  from  the  observer,  the  zone  of  compres¬ 
sion  sometimes  refracts  the  rays  so  as  to  form 
a  dark  line  like  the  outline  of  a  bubble.  In  the 
Hi-Speed  film,  the  reflected  waves  appear  in 
this  manner,  while  the  primary  front  is  not 
visible.  However,  the  latter’s  effect  in  distort¬ 
ing  the  background  is  apparent,  and  its  position 
is  marked  by  displacements  of  the  outlines  of 
background  objects  such  as  Igloo  F. 

(d)  Air  blast:  (1)  Shock  wave  velocities  and 
peak  pressures. — As  calculated  from  the  timing 
marks  on  the  Hi-Speed  films,  the  velocity  of 
propagation  of  the  wave  is  approximately  2,2.50 
feet  per  second  at  214  feet  from  the  center  of 
the  explosion,  and  approximately  1,400  feet  per 
second  at  440  feet  from  the  center,  when  the 
charge  is  500,000  net  pounds  of  TNT  detonated 
in  an  igloo.  By  reference  to  the  Rankine- 
Hugoniot  function  relating  velocity  of  propaga¬ 
tion  of  a  shock  front  with  increase  in  pressure 
behind  it,  pressures  corresponding  to  these 
velocities  have  been  calculated,  giving  values 
of  4.7  and  1.73  atmospheres,  respectively.  One 
atmosphere  at  the  elevation  of  Arco  being 
about  12.3  p.s.i.  absolute,  these  values  reduce 
to  45.3  and  8.9  p.s.i.,  gage  pressure,  which  agree 
reasonably  well  with  the  pressures  recorded  by 
the  bla.st  meters,  as  recorded  in  figures  32  and 
85  (about  35  p.s.i.  210  feet  off-side  of  Igloo  D 
in  test  1  and  11  p.s.i.  440  feet  off  rear  of  Igloo 
E  in  test  2) . 

(2)  Mach  reflection. — As  previously  stated, 
a  Mach  reflection  took  place  when  the  shock 
wave  impinged  on  the  sloping  embankment  of 
Igloo  E  in  the  first  te.st.  The  triple  point,  or 
intersection  of  incident,  reflected,  and  mach 
waves,  appeared  to  form  at  the  bottom  of  the 
slope  and  followed  a  characteristic  rising  path 
as  it  progres.sed  up  the  slope.  The  relation  of 
the  three  waves  to  one  another  and  their  direc¬ 
tions  of  propagation  are  illustrated  by  figure 
223,  which  shows  the  phenomena  more  clearly 
than  any  of  the  photographs.  When  a  Mach 
reflection  takes  place,  pressures  on  the  reflect¬ 
ing  plane  may  be  several  times  the  hydrovstatic 


value.  The  increase  in  pressure  depends  upon 
the  angle  of  incidence  of  the  wave  on  the  plane. 
Under  the  conditions  obtaining  in  the  first  test, 
the  overpressure  on  the  earth  slope  of  Igloo  E 
was  of  the  order  of  6  times  normal  atmospheric 
pressure  at  that  distance,  or  about  62  p.s.i.  in¬ 
stead  of  between  35  and  45  p.s.i,  hydrostatic 
pressure  behind  the  incident  wave  front.  The 
angle  of  slope  of  the  earth  cover  (I'i:!)  is 
rather  favorable  and  avoids  the  extreme  over¬ 
pressure  ratios  of  up  to  10  or  12  which  would 
occur  on  steeper  slopes.  The  critical  angle  of 
slope  in  this  test  would  have  been  about  54 
degrees.  Flatter  slopes,  of  course,  would  de¬ 
crease  the  overpressure,  the  lower  limit  being 
the  “side-on”  or  hydrostatic  value. 

(3)  Blast  loading  on  target  igloos. — From 
the  foregoing  information  and  the  duration  of 
the  positive  phase  of  the  blast  wave  of  58  mili- 
seconds  at  a  distance  of  200  feet  from  the 
center  of  an  explosion  of  500,000  pounds, 
determined  from  the  equation  presented  in  the 
Woods  Hole  report  (Sec.  IV-B)  it  is  possible 
to  construct  a  diagram,  figure  224,  approxi¬ 
mately  representing  the  positive  pressure-time 
loading  on  the  near  side  slope  of  a  standard 
igloo  in  the  event  of  an  explosion  of  its  next-in¬ 
line  neighbor  containing  500,000  net  pounds  of 
high  explosives.  This  diagram  does  not  repre- 
.sent  conditions  on  top  or  on  the  lee  side,  because 
of  differences  in  reflection  and  diffraction 
effects:  however,  it  would  probably  be  con¬ 
servative  to  apply  it  over  the  entire  igloo  in 
design.  Pressures  indicated  are  for  a  distance 
of  200  feet.  As  the  wave  passes  across  the 
igloo,  the  pressures  decrea.se,  while  the  duration 
and  wave-length  increases.  Pressures  are 
believed  to  be  considerably  attenuated  in  pass¬ 
ing  through  the  earth  cover  to  the  surface  of 
the  concrete.  The  negative  phase  is  not  shown 
because  the  maximum  negative  pressure  is  only 
from  about  one-half  to  one-fifth  of  the  peak 
positive  value.  The  negative  duration  is  sev¬ 
eral  times  the  po.sitive  duration,  however. 

3.  Air  blast  measurements  by  ball  crusher 

gages,  foil  and  paper  meters. 

(a)  General. — To  facilitate  comparison  and 
study,  the  peak  pres.sure-di.stance  curves  ob¬ 
tained  in  the  first  four  tests  have  been  repeated 
in  figure  225,  but  in  this  case  pressure  is  plotted 
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Fkjure  224.  Blast  loadingr  on  near  side  of  IrIoo 


as  a  function  of  reduced  distance  (distance 
divided  by  cube  root  of  charge  weight)  in  order 
that  all  might  be  plotted  together,  regardless  of 
charge  weight.  In  figure  225  (a),  all  off-front 
jn-essures  are  grouped  together,  and  in  figures 
225  (b)  and  (c),  off-side  and  off-rear  pre.s- 
sures  are  grouped.  For  jiurposes  of  reference, 
the  pressure-reduced  distance  curve  repoi;ted 
in  reference  (3)  for  the  1945  Arco  igloo  tests 
is  reproduced  on  the  three  graphs,  as  is  also  the 
l)ressure-reduced  distance  curve  determined  by 
the  Woods  Hole  group  with  free-piston  gages, 
in  the  1946  tests.  It  will  be  noted  that  the 
three  sets  of  curves  form  .somewhat  loose 
bundles  whose  means  are  fairly  close  to  the 


1945  curve  and  the  1946  curve  determined  from 
the  Woods  Hole  piston  gages.  The  latter  repre¬ 
sent  average  pressures  on  all  sides  of  an  explo¬ 
sion.  At  the  lower  end  (region  of  greatest 
distances) ,  however,  the  Woods  Hole  curve 
deviates  considerably,  becoming  concavi*  up¬ 
ward,  whereas  the  ANESB  curves  tend  to  be 
concave  downward,  indicating  lower  pressures 
than  Woods  Hole  at  the  extreme  distances.  The 
fact  that  the  ANhiSR  values  were  obtained 
from  paper  meters  w'hereas  the  others  were  de¬ 
termined  by  a  more  advanced  type  of  instru¬ 
ment  would  seem  to  indicate  that  greater 
credence  should  be  placed  on  the  latter  in  this 
region. 
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Fkiirr  225A.  Pressure-Reduced  Distance  Curves  for  Tests  1-4  incl.  (Off  Front) 


RE  225C.  Pressure-Reduced  Distance  Curves  for  Tests  1-4  incl.  (Off  Rear) 


(Ij)  Atfijinnictri/  of  bliist. — Other  rei)orts 
have  indicated  that  in  igloo  explosions  off-side 
pressures  are  greater  than  off-t'ront  pressures, 
and  that  ofl'-front  pressures  are  greater  than 
off-rear  pressures  at  the  same  distance.  Figure 
225  fails  to  show  any  consistent  trend  in  these 
directions.  If  there  were  such  an  effect  in 
these  tests,  it  seems  to  have  been  submerged  in 
the  scatter  of  the  data. 

(c)  Co»ii>(i)'iso)i  with  raliteN  predicted  from 
NDRC  chort  and  icith  data  furniahed  by  other 
participating  groups. — Figure  226  is  a  pres¬ 
sure-reduced  distance  curve  obtained  by  plot¬ 
ting  values  from  the  nomogram,  “Peak  Bla.st 
Pressure  as  a  Function  of  Distance  and  Weight 
of  Explosive,”  chart  3A1,  Reference  (4),  to¬ 
gether  with  a  plot  of  the  mean  of  the  several 
igloo  pressure-reduced  distance  curves  as  well 
as  a  plot  of  the  mean  of  the  revetment  pressure- 
reduced  distance  curves  in  figure  225.  The 
1945  and  1946  Woods  Hole  curves  are  also  re¬ 
drawn  on  this  figure.  In  addition,  a  curve 
representing  the  Inyokern  data  is  plotted.  The 
NDRC  curve,  which  represents  data  from  a 
large  number  of  measurements  on  all  types  of 
bombs  and  explosives  (estimated  accuracy 
about  25  percent,  almost  coincides  with  the 
Revetment  1  curve  from  about  10  to  about  2 
p.s.i.,  but  deviates  markedly  from  the  latter 
outside  of  this  range,  being  concave  upward 
while  the  revetment  curve  is  concave  down¬ 
ward.  Values  obtained  by  the  Woods  Hole 
group  in  the  1945  igloo  testa  do  not  confirm  the 
upward  divergence  of  the  NDRC  curve  at 
higher  pressures,  but  tend  to  agree  with  the 
curves  obtained  by  the  ANESB  group.  In  the 
lower  pressure  ranges,  however,  the  curve  from 
the  Woods  Hole  piston  gages  in  the  1946  tests 
clo.sely  follow  the  NDRC  curve,  which  may 
throw  further  doubt  on  the  credence  of  the 
paper  meters  at  pressures  below  about  1  p.s.i. 
The  Inyokern  jiressures,  obtained  from  velocity 
measurements,  agree  remarkably  well  with  the. 
ANESB  mean  igloo  curve. 

(d)  Effect  of  door  barricade. — As  shown  in 
figure  225  (a)  and  by  a  comparison  of  the  ball 
crusher  gage  and  foil  meter  readings  on  line  1 
in  tables  III,  IV,  V  and  VI,  pres.sures  at  clo.se 
ranges  in  front  of  the  exploding  igloo  were  con¬ 
sistently  much  greater  in  test  2  than  in  te.st  1. 
Thi.s  may  be  interpreted  as  an  indication  that 
the  standard  earth  and  concrete  door  barricade. 


which  was  provided  in  front  of  Igloo  D  in  test 
1  but  lacking  in  test  2,  was  of  considerable  ef- 
leetiveness  in  reducing  blast  pressures  in  front 
of  the  exploding  igloo  at  short  and  medium 
distances.  For  example,  at  150  feet,  the  pres¬ 
sure  was  reduced  from  about  120  to  about  50 
p.s.i.,  and  at  400  feet,  from  23  to  13  p.s.i.  The 
difference  decreases  with  distance,  however, 
and  beyond  1,000  feet 's  uncertain.  The  greater 
severity  of  bla.st  at  clrse  range  in  front  of  an 
igloo  without  door  barricade  was  also  demon¬ 
strated  in  the  effect  on  the  surrounding  ground 
and  nearby  objects.  The  nearest  foil  meters 
and  other  objects  such  as  steel  pipes  driven  in 
the  ground  which  were  relatively  unharmed  in 
test  1  were  riddled  with  missiles,  torn  apart  or 
blasted  away  in  test  2.  In  addition,  there  was 
a  larger  burned  area  on  the  ground  in  front  of 
Igloo  E  than  there  was  in  front  of  Igloo  D. 

(c)  Effect  of  storing  charge  in  a  standard 
igloo  rather  than  in  open. — From  figure  226  it 
is  evident  that  average  pressures  at  clo.se  range 
from  an  igloo  explosion  are  considerably  less 
than  from  an  open  revetment  explosion.  At 
long"  range,  however,  the  eur\’es  tend  to  con¬ 
verge,  and  in  view  of  the  vagaries  of  the  indi¬ 
vidual  curves  of  figure  225,  the  advantage  of 
igloos  over  revetments  indicated  in  the  lower 
portions  of  the  curves  of  figure  226  may  not  be 
significant.  How’ever,  the  difference  between 
the  curves  in  the  lower  range  is  comparable 
with  that  found  to  exist  in  the  model  igloo  tests 
(reference  (2)).  If  the  difference  is  assumed 
to  be  rea.sonably  near  the  correct  amount,  the 
following  interpretation  may  be  made:  At  a 
pre.ssure  of  0.2  p.s.i.,  the  reduced  di.stance  value 
for  the  revetment  te.st  is  68  ft./lb.’  '',  and  for 
the  igloo  tests  is  60  ft./lb.’  The  true  distance 
in  the  former  case  is  5,400  feet,  and  in  the 
latter  case  is  4,760  feet.  The  American  Table 
of  Distances  .specifies  5,410  feet,  as  the  in¬ 
habited  building  di.stance  for  500,000  pounds  of 
high  explosives,  while  4,780  feet  is  .specified  for 
3.50,000  pounds  of  high  explosives.  Based  on 
these  figures,  it  may  be  said  that  storing  am¬ 
munition  containing  500,000  net  pounds  of 
high  explosives  in  an  igloo  warrants  a  reduc¬ 
tion  in  inhabited  building  distance  of  about  12 
percent  and  is  the  equivalent  of  an  open  revet¬ 
ment  storage  of  ammunition  containing  about 
350,000  net  pounds  of  high  explosives.  The 
foregoing  is  ba.sed  on  an  assumption  that  equal 
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Figure  226.  Comparison  of  Pressure-Distance  Curve.s  from  Igloos  and  Rev.  1  with  Curves  from  other  Sou 


damage  will  result  from  equal  peak  pressures, 
which  is  not  quite  correct.  •  An  equally 
important  criterion  of  ability  to  do  damaije, 
i.e.,  positive  impulse  in  the  blast  wave,  has 
so  far  been  neiflected,  inasmuch  as  no  meas¬ 
urements  of  this  parameter  were  made  by  the 
ANESB  ijroup.  As  reported  in  part  IV-B 
hereof,  however,  the  Woods  Hole  group  ob¬ 
tained  measurements  of  positive  impulse  in  the 
last  four  tests,  and  concluded  that  the  impulse 
from  detonation  of  a  500,000-pound  charge  in 
an  igloo  was  equivalent  to  that  from  approxi¬ 
mately  170,000  pounds  of  bare  TNT.  The 
American  Table  of  Distances  specifies  a  dis¬ 
tance  of  about  3,900  feet  for  the  latter  weight, 
which  corresponds  to  the  distance  specified  for 
500,000  pounds  reduced  by  28  percent.  Part 
of  the  reason  for  the  greater  reduction  based 
on  the  Woods  Hole  results  may  be  the  fact  that 
blast  intensities  from  bare  charges  are  greater 
than  from  cased  charges  such  as  the  mines 
detonated  in  the  revetments  in  these  tests.  It 
also  may  be  true  that  casing  and  earth  cover 
may  reduce  positive  impulse  proportionately 
more  than  it  reduces  peak  pressure.  True 
evaluation  of  ability  to  damage  a  specific  struc¬ 
ture  or  member  thereof  must  take  both  para¬ 
meters  into  account  (for  if  the  load  is  not  great 
enough  an  elastic  structure  will  not  fail  regard¬ 
less  of  how  long  the  load  is  applied ;  and  con¬ 


versely,  if  the  load  is  great  enough  to  produce 
failure  but  is  not  applied  for  suificient  time,  the 
structure  will  not  reach  critical  distortion  but 
will  oscillate  about  its  normal  position  and 
finally  return  to  re.st)  as  w'ell  as  reilection  phe¬ 
nomena  and  the  physical  properties  of  the 
structure  or  member  itself  and  even  in  the  case 
of  a  simple  frame  house  is  a  tremendously 
complicated  problem.  Efforts  have  been  made 
to  correlate  damage  levels  with  impulse  statis¬ 
tically,  such  as  in  the  case  of  bomb  damage 
suffered  by  heavily  built-up  areas  of  London  in 
World  War  II.  This  correlation  was  only  par¬ 
tially  successful  and  would  not  apply  to  areas 
where  other  than  brick  bearing-wall  construc¬ 
tion  predominated  or  w'here  detonations  of 
much  larger  quantities  of  high  explosives  were 
involved.  In  the  present  instance  the  values 
of  peak  pressure  and  impulse  are  utilized 
merely  as  general  guides  to  estimated  changes 
in  degree  of  damage  which  might  result  from 
a  change  in  another  variable  in  a  given  case. 

(f)  Effect  of  increased  earth  cover  over 
'immarij  i(/loo. — Comparison  of  the  pre.ssure 
reduced-distance  curves  for  tests  1,  2,  and  3  in 
figure  225  fails  to  disclose  any  consistent  ten¬ 
dency  to  different  pressures  in  the  case  of  test 
3.  Accordingly,  it  cannot  be  said  that  these 
tests  showed  a  decrease  in  blast  pressure  as  a 
result  of  the  doubled  earth  cover  on  Igloo  F. 


Table  XIV. — Comparison  of  craters 


Test 

fiharjre 

pounds 

Kxplosive 

Shelter 

Crater 
diameter— d 
ft.  (avcranre) 

Crater 
depth-h  ft. 
(apparent) 

(1 

\Vi 

h 

W'  ■< 

Arco  No.  1  (*4.5) 

260,000 

50-50  amatol  . 

^.jloo 

175 

8 

2.78 

.127 

Arco  No.  2  (*45) 

125,000 

....  do  . 

Ilevetment 

SI 

7.7 

1.62 

.154 

Arco  No.  3  (’45) 

250.(100 

Torpox  . 

l>rloo  . 

142 

17.8 

2.26 

.283 

Arco  No.  5  (’45) 
Arco  No.  tr  (’45) 

250.000 

125,000 

. .  do  . 

14fi 

10.7 

<> 

.170 

.218 

50-  50  amatol  ... 

Uevetment  .... 

88 

10.0 

1.76 

Arco  No.  7  (*45) 

250.000 

Amatol  and  other  . 

None  . 

no 

3.0 

1.75 

.062 

Arco  No.  R  (’451 

250.000 

TNT  . 

.  do  .  . . 

112 

14.0 

1.78 

.236 

Camp  Ktlwards  No 

250 

80-20  amatol  . 

do . 

14.5 

2.5 

2.30 

.397 

Camp  Kdwards  No 

2 

350 

....  do  . 

do  .  . 

15 

3.6 

2.38 

.572 

Arco 

Model  No.  1  . 

250 

....  <lo . 

lyrloo  (atamlard  cover) 

15.S 

2.1 

2.51 

.333 

Mo«lei  No.  lA  ... 

250 

_ <lo . 

......  do  . 

14.5 

2.0 

2.30 

.317 

Model  No.  2  ..  .. 

250 

....  <lo . 

Isrloo  (2  X  stand,  cover) . 

14.0 

2.2 

2.22 

.340 

Model  No.  3  . 

250 

....  <lo . 

IkIoo  (4  X  stand,  cover).. 

15.2 

2.4 

2.41 

.381 

Mo«lel  No.  4  . 

500 

_ <lo . 

IkIoo  (.standard  cover) . 

20.4 

2.1 

2.57 

.264 

Model  No.  5  . 

500 

....  <lo . 

luloo  (2  X  stand,  cover) .  . 

16.0 

3.3 

2.02 

.115 

250 

....  do  . 

11.2 

1.8 

1.78 

.286 

250 

10.1 

2.5 

1.61 

.307 

Arco  No.  1  (’46) 
Arco  No.  2  (’46) 

500.000 

TNT  . 

165 

13.5 

2.08 

.170 

500.000 

.  do  . 

do  . 

177 

10 

2.23 

.126 

Arco  No.  3  (’46) 

250,000 

.  do . 

IkIoo  (2  X  stand,  cover).. 

137 

0 

2.19 

.143 

Arco  No.  4  (’46) 
Arco  No.  5  (*46) 

500.000 

138 

16 

1.74 

.202 

260,000 

.  do  . 

do  .  ...  . 

122 

9.6 

1.94 

.162 

(M  CrattT  dimension  divi(icd  by  cube  nmt  of  charge  weight,  ft  ibs.’ 
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The  model  igloo  tests  (reference  (2) )  also  had 
indicated  very  little  decrease  in  pressure  until 
the  quantity  of  earth  was  quadrupled.  Results 
from  Woods  Hole  as  stated  in  section  IV-B  in¬ 
dicated  that  no  difference  in  pressures  could  be 
discerned  and  contained  no  conclusions  regard¬ 
ing  the  effect  on  impuLse,  perhaps  because  of 
an  insufficiency  of  data  in  the  latter  case. 
Obviously,  if  earth  cover  were  increased  to  a 
sufficient  extent,  blast  intensities  would  be  re¬ 
duced,  for  if  a  charge  is  buried  deep  enough 
underground,  there  is  little  or  no  air  blast  at 
all,  the  total  explosion  energy  being  absorbed  in 
the  ground.  But  in  the  case  of  a  standard  igloo 
or  one  with  twice  standard  cover,  the  propor¬ 
tion  of  the  total  explosion  energy  which  is 
absorbed  in  the  cover  is  evidently  not  great. 
Assuming  that  the  kinetic  energy  of  the  con¬ 
crete  and  earth  as  it  is  propelled  outward  is 
deducted  from  the  energy  available  for  forma¬ 
tion  of  the  air  blast  wave,  there  w'ould  be  a  loss 
of  >  oWvVr  or  about  x  4,500,000  x  1000V32.2 
(W  is  approximate  weight  of  concrete  and 
earth  in  standard  cover,  pounds;  v  is  mean 
iiiaxinium  velocity  of  particles,  assumed  to  be 
1.000  ft  sec.;  g  is  acceleration  of  gravity,  32.2 
ft/sec.-)  which  reduces  to  7  x  10'"  foot  pounds. 
The  heat  of  explosion  of  TNT  is  1,080  calories 
per  gram,  whence  the  total  energy  released  by 
the  explosion  is  500,000  pounds  x  453.6g/lb  x 
1,080  cal  /g  x  3.09  ft  Ib  cal  =  76  x  10'"  feet 
pounds.  The  loss  being  of  the  order  of  9  per¬ 
cent  of  the  total  available,  it  does  not  appear 
that  its  effect  would  be  easily  discerned  from 
gages  whose  deviation  from  the  mean  is  as 
much  as  30  percent  unless  a  great  many  more 
measurements  were  taken. 

4.  Cratering. 

(a)  General. — Craters  from  the  igloo  explo¬ 
sions  were  roughly  circular  in  plan,  or  elliptical 
w  1  the  long  axis  parallel  to  the  longitudinal 
centerline  of  the  igloo.  The  maximum  appar¬ 
ent  depth  was  no  more  than  about  one-tenth  of 
the  average  apparent  diameter,  and  the  deepe.st 
point,  though  not  at  the  center,  was  no  more 
than  half  a  radius  from  it.  Much  of  the  earth 
excavated  by  the  explosion  fell  back  into  the 
crater  at  random,  forming  haphazardly  located 
hollows  and  mounds,  so  that  the  general  effect 
was  one  of  great  irregularity  and  unevenness. 
Lips  about  half  as  high  as  the  greatest  depth 


were  formed  on  all  sides  but  tended  to  be  lower 
where  the  front  of  the  igloo,  which  had  no 
earth  cover,  had  been.  The  true  depth  was 
from  2  to  3  feet  deeper  than  the  apparent  depth 
at  points  investigated.  Backfill  was  blackened 
and  all  large  stones  and  pieces  of  gravel  were 
shattered.  Earth  below  true  bottom  was  ap¬ 
parently  undisplaced  but  much  aggregate  was 
cracked.  In  the  igloo  craters,  the  upper  laj'ers 
consisted  of  sand  and  gravel  from  the  beds 
below  the  igloo  foundatioms,  but  in  the  revet¬ 
ment  craters,  exposed  soil  was  largely  the  silt 
from  the  overburden  on  the  gravel  beds.  This 
fine-grained  soil,  when  acted  upon  by  the  heat 
and  pressure,  formed  a  schi.stose  material 
broken  up  in  angular  clods.  In  the  igloo  craters 
there  was  much  structural  debris,  ranging 
from  small  bits  of  concrete  and  steel  to  large 
sections  of  foundation  wall,  shattered  but 
recognizable.  Such  pieces  were  larger  in  the 
250,000-pound  explosion  than  in  the  500,000- 
pound  explosions.  In  the  former  case  the  walls 
had  been  pushed  laterally  to  the  edges  of  the 
crater  and  some  pieces  cast  outside,  whereas  in 
the  latter  cases  demolition  was  more  complete, 
pieces  were  smaller  and  more  scattered.  Close 
examination  of  some  of  the  broken  pieces  of 
concrete  revealed  that  the  cement  bonding  the 
aggregates  together  was  apparently  weakened, 
for  such  fragments  were  somewhat  friable  and 
not  sound,  as  new,  properly  cured  concrete 
should  be.  Many  pieces  remaining  from  the 
previous  year’s  tests  in  nearby  old  craters  were 
totally  disintegrated,  although  this  condition 
in  their  case  was  undoubtedly  aided  by  a  win¬ 
ter’s  frost.  In  the  revetment  craters  there  was 
little  debris  other  than  an  occasional  stick  of 
W'ood  or  piece  of  sagebrush  sucked  into  the 
center  by  the  negative  pha.se  of  the  blast,  but 
.scattered  on  the  ground  around  these  craters 
were  a  large  number  of  small  slag-like  hollow 
spheres  about  14"  in  diameter,  which  could  be 
crumbled  easily  between  the  fingers.  These  are 
believed  to  have  resulted  from  fusion  and  oxi¬ 
dation  of  the  sheet  steel  mine  cases  and  crates. 

(b)  Comparison  of  crater  sizes  v'ifh  those  of 
previous  tests  and  those,  calculated  from  for¬ 
mulas. — Data  on  the  1.945  Arco  craters,  the 
Woods  Hole  model  igloo  craters,  and  the 
ANESB  model  igloo  and  revetment  craters, 
previously  reported  in  reference  (2),  are  re¬ 
produced  in  table  XIV  together  with  data  on 


143 


th<'  erati'i’s  from  the  present  tests,  to  facilitate 
comparison  and  study.  Some  of  the  effects 
shown  l)y  this  table  are: 

1.  Craters  from  igloo  explosions  are  on  the 
average,  about  40  percent  greater  in  apparent 
diameter  than  those  resulting  from  explosions 
of  charges  either  surrounded  or  not  surrounded 
by  revetments. 

2.  Increased  earth  cover  on  an  igloo  up  to 
four  times  the  standard  amount  seems  to  have 
no  consistent  effect  on  the  dimensions  of  the 
crater  formed  by  its  explosion. 

;5.  There  is  no  consistent  difference  in  th(! 
apparent  depth  of  craters  from  igloos  and  those* 
from  revetments  or  unrevetted  piles. 

4.  Aiipareiit  depths  do  not  follow  the  cube 
root  law;  however,  they  may  bo  estimated  by 
the  formula  h  —  .72W"-‘  (h  -  apparent  depth 
in  feet  and  w  =  weight  of  explosives  in  pounds) . 
Depths  are  more  erratic  than  diameters,  no 
doubt  due  to  the  haphazard  manner  in  which 
earth  falls  back  into  the  crater.  It  is  pos.sible 
that  the  pre.sence  of  volcanic  rock  underlying 
the  gravel  beds  just  below  the  bottoms  of  the 
craters  may  be  partly  responsible  for  the  fail¬ 
ure  of  the  depths  to  follow  the  cube  root  law. 
hence  the  above  expression  may  not  hold  good 
for  locations  other  than  Arco. 

The  formula  for  apparent  depth  of  the  Arco 
craters  is  compared  below  with  formulas  given 
by  other  authorities : 


1 

Smircc 

Formula 

Diameter  tor 
500,000  Ihs.  »!.K. 

Hrilfjfli  .... 

1 

(1  ^  S  3 

(where  d  ^  din.  In  feet,  Q  =s 
chnrjre  weight  In  pounds). 

1  /•<(/ 

212 

Froiicli  .... 

'  r  =0.6  P'/^  (r  =  radius  in 
meters.  P  ehariro  in  kllo- 

Krama), 

200 

Cnpt.  K.  R. 

G  a  y  I  e  r. 
(  C  E  C  )  . 
ITSN.  Ret. 

d  “  2.5  Q'  . 

199 

Olsen  . 

Arco . 

r  =  .60  Q‘  "  (r  railins  in  feet) 

.1  —  2.3  WV=*  . 

470 

183 

The  fir.st  four  give  values  somewhat  too  large 
for  the  results  of  these  tests,  and  evidently  the 
Olsen  formula  is  applicable  only  to  small  charge 
weights. 

5.  Apparent  depths  are  unaffected  by  the 
presence  of  cover  or  lack  of  it. 

6.  Apparent  diameters  follow  the  cube  root 


law  in  the  Arco  soil  and  may  be  predicted 
within  about  15  percent  by  the  formula 
d  =  2.3*?^  (where  d  is  diameter  in  feet  and 
W  charge  weight  in  pounds)  for  igloo  explo- 
.sions  and  by  d  =  1.7\'  W  for  explosion.--  of 
revetments  or  unrevetted  .stacks.  These  for¬ 
mulas  .should  hold  good  for  any  .soil  similar  to 
that  of  Arco.  i.e.,  gravel,  .sand,  silt,  and  clay 
mi.xtures,  i)rovided  that  the  shape  of  the  pile 
of  explosives  is  rectangular  and  its  jiroportions 
do  not  differ  radically  from  those  of  these  tests. 

5.  Ground  movement. 

(a)  ConiparinoH  irifh  10Jfr>  fe.s-f.s-. — Horizon¬ 
tal  go-ound  displacements  in  the  Igloo  F  test,  in 
which  the  charge  weight  was  the  same  as  in  the 
1945  tests,  were  less  than  but  followed  the  same 
general  pattern  as  those  of  the  1945  tests.  In 
the  exjilosion  of  Igloo  A  in  1945,  movement  at 
100  feet  from  the  center  was  from  2  to  3  feet 
outward,  whereas  it  was  only  about  1  foot  out¬ 
ward  in  the  Igloo  F  test.  At  250  feet  from  the 
center,  outward  movement  averaged  about  •'* j, 
inch  for  Igloo  A  and  about  >4.  inch  for  Igloo  F. 
Compari.son  of  vertical  displacements  at  100 
feet  is  uncertain  due  to  the  number  of  stake.s 
lost  in  the  explosion  of  Igloo  F,  but  comparison 
at  250  feet  show's  an  average  upward  movement 
of  about  '4  inch  in  the  case  of  Igloo  A,  while 
there  w-as  a  dowinvard  movement  of  about  •'>|j 
inch  in  the  Igloo  F  te.st.  There  appears  to  be 
no  .sati.sfactory  explanation  for  this  disagree¬ 
ment.  It  is  que.stionable  whether  the  increased 
earth  cover  on  Igloo  F  is  responsible;  the  dif¬ 
ferences  may  be  wholly  fortuitous. 

(b)  Horizontal  i-.s-.  vortical  viorcmoit. — In 
the  range  of  di.stances  from  100  to  150  feet 
from  the  center,  the  greater  movement  was  in 
the  horizontal  direction  in  all  tests,  including 
the  revetments.  Beyond  these  distances,  how¬ 
ever,  horizontal  movement  attenuates  more 
rapidly  than  vertical  and  at  250  to  350  feet, 
becomes  quite  small  or  dies  out,  while  the 
vertical  movement  is  .still  about  0.8  inch,  on  the 
average.  At  the  distance  at  which  a  next-in¬ 
line  igloo  would  be  located  (214  feet  when 
standard  inter  magazine  spacing  is  halved)  the 
horizontal  and  vertical  displacements  are 
roughly  2(4  inches  outward  and  1  inch  up  or 
down,  but  when  a  next-in-line  igloo  is  actually 
present,  as  in  test  1,  horizontal  displacement 
evidently  fails  to  develop  to  the  extent  that  it 
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does  on  free  ground,  for  in  test  1  there  was  no 
measurable  horizontal  movement  at  or  immedi¬ 
ately  around  Igloo  E.  However,  vertical  dis¬ 
placement  seems  aggravated  where  an  igloo  is 
present,  possibly  due  to  subsidence  of  the  struc¬ 
ture  itself. 

(c)  Movement  in  iyloo  explonmm  com^mrcd 
ivith  movement  in  revet  met*  explonionit. — 
Horizontal  and  vertical  displacements  at  dis¬ 
tances  from  100  to  150  feet  from  the  center  in 
the  igloo  tests  were  about  double  the  values 
measured  in  the  revetment  tests.  The  differ¬ 
ence  was  probably  due  to  the  enlarged  crater 
diameters  in  the  case  of  the  igloo  explosions. 
At  350  feet  from  the  center,  however,  there  was 
no  appreciable  difference  in  displacements  be¬ 
tween  the  two  types  of  tests,  which  indicates 
that  the  effect  of  an  igloo  and  its  earth  cover 
on  surface  ground  movement  is  wholly  local. 

(d)  Ground  shock  and  effect  on  target  igloos. 
— It  is  assumed  that  permanent  displacement  of 
the  ground  surface  is  indicative  of  the  ampli¬ 
tudes  of  the  surface  earth  waves  which  pro¬ 
duced  them,  for  “permanent  set”  in  a  material 
is  a  function  of  the  causative  stress.  Thus  it 
is  inferred  that  surface  ground  shock  at  the 
distance  of  the  target  igloo  (214  feet  center-to- 
center)  from  the  500,000  pound  explosions  was 
about  twice  as  great  horizontally  as  vertically. 
However,  since  Igloo  E  failed  to  move  hori¬ 
zontally  but  did  move  vertically  as  much  or 
more  than  free  ground  surface  at  the  same  dis¬ 
tance,  it  is  thought  that  the  structure  through 
its  foundations  may  have  responded  to  body 
waves  in  the  earth  instead  of  surface  waves,  or 
that  it  settled  because  of  blast  pressure  press¬ 
ing  down  upon  it,  and  that  the  surface  dis¬ 
placement  measurements  are  of  limited  sig¬ 
nificance  insofar  as  effects  on  the  target  igloo 
are  concerned,  under  the  conditions  obtaining 
in  these  tests.  Nevertheless,  the  measurements 
showed  that  surface  earth  displacements  are 
not  sufficient  to  cause  damage  other  than  minor 
cracking  to  an  igloo  at  half  the  standard  dis¬ 
tance  from  an  igloo  exploded  when  containing 
500,000  pounds  of  TNT. 

6.  Permanent  displacement  of  target  igloos. 

(a)  General. — The  floor  of  target  Igloo  E 
.settled  about  0.6"  along  the  centerline.  There 
was  a  slight  tendency  to  tilt  longitudinally 
downward  toward  the  front  where  settlement 


was  about  0.4"  more  than  at  the  rear  wall.  The 
levels  also  indicate  that  the  igloo  tipped  later¬ 
ally  toward  the  explosion,  subsidence  being  of 
the  order  of  0.25"  greater  on  the  near  side. 
Target  Igloo  F  in  test  1  did  not  settle  evenly; 
the  arch  and  outer  portions  of  the  floor  sub¬ 
sided  about  0.1"  while  along  the  centerline  the 
floor  raised  an  average  of  0.5".  In  test  2,  Igloo 
F  raised  bodily  about  O.T"  except  near  the  front 
along  the  centerline  where  the  floor  subsided 
0.04". 

(b)  Differential  displacement  of  orcli  ivith 
respect  to  floor. — There  is  fair  agreement  be¬ 
tween  the  relative  arch-floor  movements  as 
indicated  by  the  slide  gages  and  those  de¬ 
termined  by  survey.  Although  the  slide  gage 
measured  the  radial  component  while  the  sur¬ 
vey  determined  the  vertical  component  of 
movement  at  each  point,  the  readings  should  bo 
comparable  since  the  angle  between  the  two 
component  directions  is  not  great.  The  disa¬ 
greements  are  considerable  in  some  cases,  but 
their  random  nature  leads  to  the  belief  that 
they  were  due  to  errors  in  taking  readings, 
particularly  since  a  small  difference  in  location 
could  make  a  relatively  large  difference  in  level 
reading  when  the  rod  was  held  against  the 
under  side  of  the  arch.  The  general  indica¬ 
tions  of  the  data  are  that  the  arch,  perhaps  in 
the  negative  phase  of  the  blast  wave,  was  raised 
.slightly  with  respect  to  the  floor  in  Igloo  E,  the 
greatest  difference  being  0.48"  at  the  crown. 
In  Igloo  F,  the  arch  was  depressed  in  both  te.sts, 
the  maximum  values  being  0.13"  at  a  point  on 
the  west  side  in  test  1  and  0.10"  at  a  point  on 
the  east  side  in  test  2. 

(c)  Comparison  with  displacements  in  igJto 
test. — Target  Igloo  B,  subjected  to  a  250,000 
pound  exi)losion  in  the  1945  program,  behaved 
similarly  to  Igloo  E  in  the  present  tests,  but 
the  amplitude  of  settlement  was  only  from 

to  1/5  as  great.  This  seems  reasonable,  in  view 
of  the  fact  that  air  blast  pressures  and,  pre¬ 
sumably,  ground  shock,  were  much  greater  in 
the  1946  explosion.  Igloo  B  also  tipped  later¬ 
ally  .slightly  toward  the  explosion. 

(d)  Indications  regarding  damage  or  propa¬ 
gation  of  explosion. — The  fact  that  displace¬ 
ments  were  slight  confirms  other  observations 
to  the  effect  that  the  target  igloos  were  in  little 
danger  of  incurring  severe  damage,  and  that 
their  contents  were  not  seriou.sly  disturbed. 
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There  was,  consequently,  no  appreciable  danger 
of  propagation  of  explosion.  The  displace¬ 
ments  would  have  gone  unnoticed  in  ammuni¬ 
tion  handling  and  storage  operations  in  these 
igloos.  In  the  case  of  Igloo  E,  the  tipping  of 
the  structure  toward  the  explosion  is  probably 
due  to  the  greater  blast  pressure  exerted  upon 
the  t'ear  side. 

7.  Transient  arch  deflections  of  target  igloos. 

(a)  CompnnNon  of  slide  and  sfrhiy  (jage 
readings. — In  the  case  of  target  Igloo  E,  the 
slide  gages  indicated  radially  inward  transient 
strains,  presumably  due  to  positive  external 
pressure,  of  as  much  as  1.25"  at  the  near-side 
third-point,  1.50"  at  the  crown,  and  1.0"  at  the 
far-side  third-point.  The  string  gage  readings 
were  much  less,  the  greate.st  being  only  0.81" 
at  the  near-side  third-point  and  0.30"  at  the 
far-side  third-point.  Two  factors  would  tend 
to  make  the  slide  gages  read  high;  these  are 
overdrive  of  the  slide  indicator  and  the  fact 
that  upward  floor  heave  would  also  register. 
Several  factors  would  also  tend  to  make  the 
.string  gages  read  low;  these  are  elastic  short¬ 
ening  of  the  music  wire,  inertia  and  lost  motion 
of  the  parts,  and  the  angle  between  the  wire 
and  the  radial  direction.  There  is  no  way  of 
knowing  how  much  each  of  these  factors  con¬ 
tributed  to  the  disagreement.  In  target  Igloo 
F,  deflections  were  much  less  than  in  E.  The 
slide  gages  indica'  id  maximum  inward  move¬ 
ments  of  0.22"  at  the  east-side  third-point,  0.28" 
at  the  crown  and  0.38"  at  the  west-side  third- 
point;  the  string  gages  indicated  no  movement 
at  the  east-side  third-point  and  0.23"  at  the 
west-side  third-point.  Positive  or  outward- 
movement  readings,  indicating  strains  presum¬ 
ably  due  to  the  suction  phase  of  the  blast,  were 
generally  larger  than  the  inward-movement 
readings  in  Igloo  E.  This  may  be  due  to  the 
fact  that  the  minor  cracking  which  occurred  in 
the  positive  pressure  phase  reduced  the  effec¬ 
tive  stiffness  of  the  arch  in  resisting  the  out¬ 
ward  force.  In  Igloo  F,  outward  movements 
were  smaller  than  the  inward  values,  perhaps 
because  cracking  did  not  occur  in  the  arch 
barrel. 

(b)  Comparison  with  deflections  in  lOi-i 
tests. — Arch  strains  in  Igloo  B  in  the  1945  pro¬ 
gram,  according  to  the  slide  gages,  were  0.95" 
inward  and  1.15"  outward  at  the  near-side 


third-point,  0.78"  inward  and  1.68"  outward  at 
the  crown,  and  0.71"  inward  and  1.17"  outward 
at  the  far-side  third-point.  String  gage  read¬ 
ings  were  0.22"  (doubt  was  cast  on  this  figure) 
inward  and  0.04"  outward  at  the  near-side 
third-point,  and  0.02"  inward  and  0.01"  out¬ 
ward  at  the  far-side  third-point.  These  read¬ 
ings  are  generally  less  than  those  of  the  1946 
tests,  as  would  be  expected  in  view  of  the  lower 
jirtssures  exerted  in  the  earlier  explosion.  The 
string  gage  readings  differ  from  the  slide  gage 
values  in  the  same  direction  but  more  markedly 
than  in  the  1946  test. 

(c)  Stress  study. — Since  it  was  inferred 
from  the  cracking  of  the  inner-  surface  of  the 
arch  barrel  of  Igloo  E  that  the  arch  was  near 
the  point  of  technical  failure,  although  prob¬ 
ably  not  near  the  point  of  actual  collapse,  it 
was  thought  worthwhile  to  attempt  to  deter¬ 
mine  the  stresses  corresponding  to  the  strains 
measured  by  the  gages.  In  this  calculation, 
only  extreme  fiber  stresses  due  to  bending  of 
the  arch  were  considered,  and  direct  stresses 
were  neglected.  Various  assumptions  were 
made,  some  of  which  varied  considerably  from 
actual  conditions.  The  arch  was  assumed  to 
have  fixed  ends,  which  was  not  quite  correct, 
since  the  footings  as  constructed  were  not 
rigidly  connected  to  the  floor  slab  nor  the  sub¬ 
grade.  The  strain  values  used  were  those  de¬ 
termined  by  the  slide  gages,  in  which  an  un¬ 
known  error  due  to  floor  heave  and  other  causes 
exists.  The  loading  on  the  arch  was  assumed 
to  be  static  and  to  consist  of  two  parts,  the  fir.st 
a  unit  horizontal  pressure  (1  p.s.i.)  distributed 
over  the  vertical  projection  of  the  side  eleva¬ 
tion,  and  the  second  a  vertical  pressure,  one- 
third  of  the  lateral  value,  distributed  over  the 
span  of  the  arch  and  acting  downward.  This 
loading  assumption  does  not  agree  well  with  the 
actual  case,  in  which  pressures  are  greatest 
immediately  behind  the  shock  front  and  act 
normal  to  the  sloping  embankment,  and  in 
which  the  highest  pressure  is  due  to  a  Mach 
reflection  on  the  near  slope  before  the  load  ex¬ 
tends  over  the  entire  arch  (see  figure  223) .  The 
procedure  followed  in  the  analysis,  which  was 
made  in  the  Office  of  the  Chief  of  Engineers, 
Army,  was  as  follows: 

(1)  Treating  the  arch  as  fixed,  with  static  unit 
loading  as  described  above,  bending  moments 
at  a  number  of  stations  over  the  arch  were 
calculated,  and  the  moment  diagram  drawn. 
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<2)  Treating  the  arch  as  a  conjugate  beam,  loaded 
with  the  M  'EI  (moment  divided  by  product  of 
modulus  of  elasticity  and  moment  of  inertia) 
diagram,  its  elastic  curve,  or  deflection  at  any 
point,  was  determined. 

<3)  Actual  deflections  at  each  point  measured  by 
a  slide  gage  were  divided  by  the  deflections 
due  to  the  unit  loading,  the  quotient  being  the 
actual  equivalent  static  loading  which  would 
have  caused  the  deflection  as  read  from  the 
gage.  The  values  agreed  reasonably  well  and 
gave  an  average  pressure  of  about  50  p.s.i., 
which  is  remarkably  close  to  the  peak  dynamic 
pressures  as  measured  by  the  blast  meters  at 
the  same  distance. 

(4)  Equivalent  static  extreme  fiber  stre.sses  for 
the  concrete  and  steel  due  to  the  maximum 
bending  moments,  i.e.,  those  corresponding  to 
maximum  actual  deflections,  were  calculated. 
These  were  18,600  p.s.i.  compression  in  the 
concrete  and  566,000  p.s.i.  tension  in  the  steel. 
These  values  are  roughly  6  (the  igloo  concrete 
tested  3200  p.s.i.  and  9  times  the  normal  static 
ultimate  strengths  of  concrete  and  steel, 
respectively.  These  values  compare  favorably 
with  the  ratios  of  equivalent  static  stress  at 
point  of  dynamic  failure  to  normal  static 
ultimate  strength,  as  determined  by  other 
investigators. 

From  the  foregoinjf  re.sults,  which  are  admit¬ 
tedly  .subject  to  errors  due  to  incorrect  assump¬ 
tions,  it  might  be  said,  lacking  any  better  infor¬ 
mation  for  the  time  being,  that  external  blast 
loading  of  50  p.s.i.  on  one  side  of  an  igloo  is 
equivalent  to  the  static  loading  which  would 
stress  the  steel  and  concrete  of  the  arch  to  their 
ultimate  strengths.  This  value  of  static  load¬ 
ing  is  about  5  p.s.i.  Since  the  target  igloo  stood 
up  well  and  little  if  any  safety  factor  seems 
necessary  in  designing  igloo  arch  barrels  to 
resist  blast,  it  would  seem  that  if  the  structure 
i.s  designed  to  withstand  a  static  loading  of  5 
to  6  p.s.i.  applied  horizontally  again.st  the  ver¬ 
tical  projection  of  the  side  elevation,  plus  1.7  to 
2  p.s.i.  applied  downward  across  the  span  of 
the  arch,  it  will  withstand  the  explosion  of  500,- 
000  pounds  of  TNT  in  the  next-in-line  igloo  185 
feet  di.stant.  Since  the  front  wall  of  the  igloo 
actually  failed,  however,  this  portion  of  the 
structure  .should  probably  be  designed  for  a 
somewhat  greater  value  of  static  load,  such  as 
10  p.s.i. 

8.  Damage  to  target  igloos. 

(a)  Comparison  with  damage  sustained  in 
lO.io  tests. — As  reported  in  reference  (1)  dam¬ 


age  to  target  igloos  in  the  1945  tests  was  con¬ 
fined  to  blowing  off  of  ventilators,  some  slump¬ 
ing  of  earth  fill  and  minor  cracking  of  concrete. 
Cracks  were  quite  minute  even  in  the  closest 
igloo,  in  which  the  worst  crack,  which  passed 
over  the  crown  of  the  arch,  was  a  continuation 
of  a  previously  noted  crack.  Generally  speak¬ 
ing,  the  damage  was  almost  negligible  in  the 
1945  tests.  That  which  occurred  in  the  1946 
tests  was  of  similar  character  but  more  severe, 
as  would  be  expected  inasmuch  as  blast  pres¬ 
sures  were  of  the  order  of  30  percent  greater. 

(b)  Incipient  arch  failure. — In  Igloo  E  after 
test  1,  longitudinal  cracks  on  the  inner  surface 
of  the  arch  were  grouped  about  7  feet  above 
the  floor  on  each  side  of  the  igloo.  These  groups 
of  cracks  were  in  the  same  locations  as  those 
experienced  on  the  sides  of  the  target  igloos  in 
the  model  igloo  tests  (reference  (2)).  Pre¬ 
sumably  as  the  blast  wave  .struck  the  near  side 
of  the  igloo  broadside  on,  the  live  loading 
reaching  the  concrete  arch  was  so  distributed 
as  to  cause  maximum  positive  bending  moment 
(resulting  in  maximum  tension  in  arch  intra- 
dos  surface)  at  a  level  about  one-third  of  the 
distance  from  springing  section  to  crown.  As 
the  blast  wave  propagated  across  the  igloo,  the 
unsymmetrical  loading  traveled  around  the 
arch,  causing  a  second  maximum  positive 
moment  about  one-third  of  the  distance  from 
springing  section  to  crown  on  the  far  side.  If 
the  blast  loading  were  great  enough,  buckling 
would  probably  occur  at  the.se  “lower  sixth 
points,”  followed  by  collapse  of  the  arch  barrel. 
It  should  be  borne  in  mind  that  Igloo  E  was  of 
Army  pre-war  design  and  contained  intrados 
reinforcement,  as  did  Igloo  B  in  the  1945  tests. 
What  extent  of  arch  failure  would  have  taken 
place  had  the  target  igloos  been  of  wartime  de¬ 
sign,  with  reinforcement  in  the  extrados  only, 
is  a  matter  of  conjecture,  although  it  appears 
unlikely  that  collapse  would  have  occurred.  In 
the  model  tests  the  target  igloos,  which  simu¬ 
lated  wartime  construction  and  lacked  intrados 
reinforcement,  su.stained  much  more  severe 
longitudinal  cracking  but  were  in  no  immediate 
danger  of  collapse. 

(c)  End  wall  failure. — The  front  end  wall  of 
Igloo  E  suffered  rather  severely,  the  tendency 
being  to  tear  it  off  the  end  of  the  arch  barrel. 
It  was  probably  cracked  and  deflected  inward 
during  the  positive  pha.se,  and  then  as  the  out- 
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side  pressuie  fell  below  that  existing  inside,  it 
was  pushed  violently  outward.  Where  the  wall 
was  separated  from  the  edges  of  the  arch 
barrel,  the  failure  appeared  to  be  in  bond  and 
not  tension  failure  of  the  steel.  It  .seems  that 
in  order  to  bring  the  strength  of  the  front  end 
wall  up  to  that  of  the  balance  of  the  igloo,  the 
.section  modulus  should  be  increased  and 
greater  bond  surface  provided  in  the  peripheral 
joint  between  wall  and  barrel.  Inasmuch  as 
the  rear  end  wall  suffered  negligibly,  the  front 
wall  could  be  as  well  protected  by  placing  an 
earth  embankment  again.st  it;  however,  this 
would  entail  considerably  greater  expense  in 
providing  a  tunnel  entrance  or  one  flanked  with 
retaining  walls,  and  storage  operations  would 
be  hindered.  Although  the  case  of  an  igloo 
having  a  standard  earth  and  concrete  door 
barricade  was  not  tested  in  this  program,  it  ap¬ 
pears  doubtful  whether  in  such  ca.se  the  barri¬ 
cade  would  have  been  effective  in  preventing 
the  front  wall  damage,  in  view  of  the  direction 
of  approach  of  the  shock  wave. 

(d)  Damage  to  floor. — The  floor  slabs 
suffered  no  appreciable  damage  and  appear 
well  designed. 

(e)  Damcifie  to  minor  appurtenances. — (1) 
Door:  The  Army  door  design  appears  to  be 
adequate  and  no  changes  appear  neces.sary. 
The  Navy  type  door,  which  is  larger,  was  not 
tested  in  this  program  but  in  the  1945  tests 
appeared  to  be  weak  and  in  need  of  strength¬ 
ening.  (2)  Ventilator:  The  Army  type  ven¬ 
tilator  (concrete  chimney  type)  was  .sheared 
off  the  rear  wall  by  a  transverse  twisting  or 
torsion.  A  Navy  umbrella-shaped  terra-cotta 
ventilator  would  undoubtedly  have  been  blown 
off.  Since  it  is  desirable  to  ventilate  igloos 
effectively  in  order  to  minimize  moi.sture 
condensation  and  dispel  fumes,  .some  form  of 
ventilator  ])rotruding  above  the  earth  cover 
appears  inevitable;  the  optimum  design  would 
appear  to  consist  of  a  concrete  flue  extending 
not  more  than  about  4  inches  above  the  surface 
of  the  earth  cover,  surmounted  by  a  metal  or 
ceramic  static  wind-actuated  type  of  ventilator 
which  would  be  blown  off  in  the  event  of  a 
nearby  explosion  but  could  be  replaced  at  less 
expense  than  would  be  entailed  in  reconstruct¬ 
ing  a  concrete  chimney  type  of  ventilator.  (,3) 
Door  pad:  The  concrete  slab  in  front  of  the 
door  was  separated  from  the  front  wall  of  the 


igloo  in  te.st  1  but  otherwise  intact.  No  change 
seems  necessary. 

(f)  Disturbance  of  contents. — Inasmuch  as 
damage  was  slight  and  ground  shock  evidently 
not  severe,  the  stacks  of  bombs  were  not  visibly 
disturbed  or  displaced,  and  it  is  safe  to  con¬ 
clude  that  there  is  little  danger  of  initiation 
of  explosion  from  ammunition  falling  to  the 
floor  of  the  magazine  under  conditions  such  as 
those  which  existed  in  +est  1,  provided  the 
ammunition  is  properly  stowed  and  secured  in 
stable  stacks. 

9.  Damage  to  revetments. 

(a)  Effect  on  earth  embankments  or  irind- 
rou's. — Erosion  and  subsidence  were  minor  in 
extent  and  speak  well  for  the  stability  of  em¬ 
bankments  of  granular  soil  such  as  that 
encountered  at  Arco  on  a  l'o:l  slope,  when 
subjected  to  nearby  heavy  explosions  such  as 
those  of  these  te.sts. 

(b)  Disturbance  of  contents.  —  The  violent 
displacement  and  scattering  of  the  mines,  as 
well  as  the  .shower  of  debris  which  fell  upon 
them,  would  seem  to  indicate  that  had  the  ex¬ 
plosive  filler  been  of  a  type  sensitive  to 
ignition  through  shock  due  to  acceleration,  im¬ 
pact,  or  denting  of  the  container,  the  proba¬ 
bility  of  an  explosion  would  have  been  great. 
Thus  it  appears  that  revetment  storage  at  400- 
foot  clear  distance  from  a  500,000  pound  con¬ 
centration  of  high  explosives  would  be  risky 
if  the  explosives  stored  in  the  revetment  were 
much  less  stable  or  insensitive  than  TNT. 

10.  Damage  to  barracks. 

(a)  Comparison  u'ith  barracks  damage  in 
lPi.5  tests. — The  present  tests  generally  con¬ 
firmed  the  results  of  the  1945  program  insofar 
as  extent  of  damage  to  the  barracks  at  the 
halved  (unbarricaded)  A.T.D.  inhabited  build¬ 
ing  distance  was  concerned.  Superficial  dam¬ 
age,  involving  torn  siding,  demoli.shed  window 
frames,  sash  and  trim,  and  blown-in  doors, 
frames  and  trim  was  about  equal  in  both  ;ests. 
The  incidence  of  flying  glass  was  approximately 
the  same  in  both  tests.  Structural  damage,  i.e., 
displaced,  cracked  or  splintered  framing 
members  and  sheathing  was  somewhat  more 
severe  in  the  1946  test. 

(b)  Decrease  in  thimai/e  irith  increase  in  dis- 
tance. — The  table  entitled  “Type  of  damage” 
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shows  how  the  extent  of  damage  diminished 
rapidly  as  the  distance  from  the  explosion  in¬ 
creased  in  test  1. 


Ti/i)e  of  damaye 


liarracks 

Supt-rfifial 

Glass 

Structural 

1 

(2.705  ft). 

H.  1)0  ft.  t>f 

siding  torn, 
north  tilde. 

a.  03  panes  (all 
cyjies)  crack¬ 
ed,  broken  or 
miasinK, 

a.  25  stud.H  and  4 
diaironal  braces 
<1  a  ni  a  t?  e  d  in 
north  wall. 

b.  20  «(|.  ft.  of 
roofing  torn, 
east  sloiie. 

b.  Klyin^r  ulass 

-  severe. 

h.  1  (laniHgred  stud 
in  eaat  wall. 

c.  3  w  i  n  il  o  w 

frames  and 
trim  blown 

in. 

c.  Several  plates 
broken  in  north 
wail. 

d.  2(i  sash  blown 
in  or  out. 

d.  S  <»  m  e  broken 

sheath- 
inK  board.s  on 
north  wall. 

e.  Post  knocked 
out  of  north 

wall. 

f.  7  rafters  split. 
y.  Hast  rtkjf  gir¬ 
der  broken. 

(3.005  ft.) 

a.  4  s(i.  ft.  of 
sidin»r  torn, 
north  side. 

a.  42  raiie-4  (all 
types  1  dam- 
HK'ed. 

a.  9  damaged 
studs  and  1 
bri.ken  diagonal 
brace  in  north 
wall. 

b.  15  s(|.  ft.  of 
roofinjr  t«frn. 
oast  slope. 

c.  6  sash  blown 
in  or  out. 

b.  Klyintr  kIhss 
—  extensive. 

b.  A  few  jdates 
split. 

c.  Some  sheath- 
injr  broken. 

(5,410  ft.) 

a.  15  s<i.  ft.  of 
torn  roodnjf, 
east  sloj)e. 

a.  SO  panes  (all 

1  types)  dam¬ 

aged. 

b.  Flyinjr  >tlass 
moderate. 

a.  2  .studs  cracked 
j  in  north  wall. 

1 

(c)  Nature  of  superficial  domape. — The  as¬ 
phalt  felt  siding  was  torn  in  numerous  places, 
and  the  tearing  and  exposure  of  sheathing 
progressively  worsened  with  repeated  blasts. 
This  cannot  be  construed  as  a  guide  to  the 
nature  of  damage  to  ordinary  wood  siding, 
which  undoubtedly  w'ould  have  withstood  the 
explosions  much  better.  It  is  believed  that 
stucco  or  brick  veneer  siding  would  have  sus¬ 
tained  considerable  damage  consisting  of  exten¬ 
sive  cracking  and  perhaps  falling  out  or 
toppling  of  sections,  however.  The  roll  roofing, 
which  was  of  lightest  grade  normally  used  in 
buildings,  .suffered  remarkably  little,  and  th'^ 
single  tear  in  each  building  did  not  wor.sen  a 
great  deal  with  rejieated  blasts.  Perhaps  a 
roofing  of  asphalt  or  wood  shingles  or  .shakes, 
which  has  many  projecting  edges  under  which 


bla.st  may  exert  a  force,  would  have  suffered 
more,  but  the  heavier  types  of  felt,  built-up, 
metal,  asbestos  cement,  or  tile  roofing  would 
have  withstood  the  blasts  with  no  damage,  in 
all  probability.  Elxterior  trim  stood  up  remark¬ 
ably  well,  suffering  only  to  a  minor  extent  even 
in  the  closest  building.  Window  frames  and 
sash  sustained  severe  damage  in  the  nearest 
building,  limited  damage  in  the  medium-di.s- 
tance  building,  and  negligible  damage  in  the 
farthest  building.  Many  whole  frames  to¬ 
gether  with  the  sash  were  blown  violently  into 
the.  building  in  Barracks  1,  and  odd  sash  were 
blown  in  in  other  windows  in  which  the  frames 
remained  in  place.  Other  sash  suffered  broken 
rails  and  muntins  without  being  dislodged 
from  position.  Obviously  the  windows  were  the 
weake.st  members  of  the  building,  and  suffered 
the  most  serious  damage,  which  does  not  speak 
well  for  the  strength  of  the  mounting  nor  of 
the  windows  themselves.  Doors,  although  in 
the  lee  side  of  the  buildings,  showed  indications 
of  damage  similar  to  that  of  the  windows. 
Superficial  damag^e  (except  to  inside  window 
casing)  in  the  building  interiors  did  not  occur 
inasmuch  as  the  buildings  were  not  finished 
inside ;  however,  there  is  a  strong  presumption 
that  plastered  walls  and  ceilings  would  have 
suffered  seriously  in  the  nearest  building,  to  a 
considerable  extent  in  the  second  building,  and 
perhaps  to  a  minor  extent  or  not  at  all  in  Bar¬ 
racks  3.  Had  the  first  building  been  a  com¬ 
pletely  finished  and  equipped  structure,  it  is 
estimated  that  the  cost  of  repairs  to  window's, 
interior  surfaces,  equipment,  and  property 
would  have  exceeded  $2,000.  In  Barracks  2, 
the  cost  would  probably  have  been  of  the  order 
of  $1,000,  while  in  Barracks  3,  it  would  prob¬ 
ably  have  been  under  $250. 

(d)  Nature  of  structural  daniape. — The  rock¬ 
ing  of  the  buildings  on  their  foundations 
apparently  did  not  result  in  appreciable  perma¬ 
nent  strains  or  distortions  and  seems  of  minor 
importance,  particularly  since  ordinary  build¬ 
ings  built  on  concrete  footings  or  foundation 
walls  would  not  be  displaced  as  easily.  On  the 
other  hand,  if  the  buildings  moved  soon  enough 
after  imping-ement  of  the  shock  front,  pre.ssure 
on  the  superstructure  may  have  been  relieved  to 
some  extent,  resulting  in  less  damage  to  fram¬ 
ing  members.  Failures  of  such  members  in  the 
first  test  were  confined  largely  to  the  north 
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wall,  and  consisted  mostly  of  split  and  displaced 
studding,  plates  and  sheathing.  Plates  appar¬ 
ently  broke  in  flexure  due  to  a  force  from  the 
exterior,  while  some  studs  seemed  to  split  in 
longitudinal  shear  due  to  flexure  or  perhaps  in 
cross-grain  tension  due  to  “scabbing  effect,” 
i.e.,  the  tendency  of  material  near  one  surface 
of  a  member  to  fly  off  upon  an  impact  being 
received  on  the  opposite  surface.  Other  studs 
were  merely  pushed  inward,  separating  from 
the  sheathing,  without  failure  or  with  cracking 
only  at  ends  due  to  resistance  at  points  where 
they  were  nailed  to  upper  or  lower  plates. 

The  greater  incidence  of  damage  to  the  north 
wall  than  to  the  east  wall  cannot  be  explained 
by  reference  to  the  peak  pressures  which  theo¬ 
retically  were  exerted  upon  these  walls.  Al¬ 
though  the  north  wall  was  more  nearly  facing 
the  blast  (30°  from  face-on)  than  the  east  wall 
(60°  from  face-on),  the  latter  was  clo.se  to  the 
critical  angle  for  Mach  reflection.  Based  on 
a  peak  hydrostatic  pressure  of  1  p.s.i.  behind 
the  shock  front  at  Barracks  1,  the  pressure 
due  to  the  reflection  on  the  east  wall  was  2.4 
p.s.i.  and  on  the  north  wall  was  2.0  p.s.i.  The 
failure  of  the  ea.st  wall  to  incur  the  greater 
damage  leads  to  the  presumption  that  the  pres¬ 
sures  possibly  did  not  follow  the  theory  because 
of  lack  of  rigidity  of  the  walls,  or  that  impulses 
rather  than  pressures  governed  the  damage. 
However,  the  theoretical  relationship  between 
the  impulses  on  the  two  walls  is  not  known,  and 
exi)erimental  results  of  certain  other  tests  tend 
to  show  that  impulses  are  generally  maximum 
under  the  same  conditions  of  reflection  as  peak 
pressures.  Glass  breakage,  which  is  governed 
nearly  wholly  by  peak  pressure,  was  much 
greater  on  the  north  wall  than  on  the  east  wall 
in  all  buildings.  It  therefore  seems  most  prob¬ 
able  that  the  effective  pressure  on  the  north 
wall  was  in  fact  greater  than  on  the  east  wall, 
and  that  there  is  some  break-down  in  attempt¬ 
ing  to  apply  the  theory  in  the  case  of  these 
barracks. 

There  is  no  direct  and  simple  way  of  cor¬ 
relating  the  failure  of  framing  members  (the 
incidence  of  which  was  roughly  50  percent  in 
the  north  wall  of  Barracks  1  with  the  peak 
pressure,  about  2  p.s.i.,  probably  exerted  on 
that  wall.  If  a  single  2"  x  6"  x  12'  stud  is 
treated  as  a  vertical  beam,  simply  supported  at 
top  and  bottom,  and  continuously  loaded  with 


the  total  pressure  on  a  strip  of  exterior  sheath¬ 
ing  12'  in  height  and  in  width  equal  to  the  stud 
.spacing  (2'),  and,  assuming  a  modulus  of  rup¬ 
ture  in  flexure  of  7,800  p.s.i.  for  the  wood,  the 
pres.sure  causing  rupture  would  be  1.1  p.s.i., 
which  fortuitiously  is  about  the  same  as  the 
hydrostatic  pressure  behind  the  shock  front  at 
Barracks  1.  The  actual  peak  pressure,  about 
2  p.s.i.,  attenuated  to  zero  in  about  0.2  second, 
before  the  full  effect  of  impact  developed,  i.e., 
before  failure  progressed  to  the  extent  that 
w’ould  have  been  caused  by  a  step-front  non¬ 
decaying  wave.  As  previou.sly  stated,  it  is  not 
known  whether  the  studs  failed  in  flexure  or 
by  “scabbing.” 

Another  obstacle  in  the  way  of  correlating 
measurable  blast  pressures  with  structural 
damage  is  the  fact  that  critical  dynamic 
stresses  differ  from  the  static  values.  Impact 
le.sts  on  reinforced  concrete  beams  in  flexure 
have  indicated  that  the  dynamic  moduli  of 
rupture  may  be  of  the  order  of  ten  times  as 
great  as  the  static  moduli. 

To  summarize,  two  factors  tend  to  make 
blast  damage  more  serious  than  that  which 
would  be  due  to  a  static  load  equal  to  the  hy¬ 
drostatic  peak  pressure  measured  by  the  blast 
meters:  (1)  Reflections,  which  increase  the 
effective  pre.ssure  on  the  wall,  and  (2)  Impact 
effect,  due  to  suddenne.ss  of  application  of  the 
load.  Two  other  factors  tend  to  make  blast 
damage  less  than  that  due  to  the  same  static 
load:  (3)  Rapid  decay  of  the  pre.ssure,  and  (4) 
Higher  moduli  of  rupture  under  dynamic  load¬ 
ing.  Probably  in  the  case  of  the  studding  in 
the  north  wall  of  Barracks  1,  these  effects 
balance  each  other,  so  that  there  is  apparent 
agreement  between  the  critical  value  of  a  static 
load  and  the  hydrostatic  peak  blast  pres.sure 
obtaining  at  that  distance. 

Additional  experimental  data  on  hydrostatic 
peak  pressure  values  of  blast  waves  resulting 
in  50  percent  incidence  of  failure  of  various 
structural  elements  exposed  at  various  angles 
of  orientation  (e.g.,  0°,  30°,  60°,  and  90°)  for 
a  range  of  charge  weights  may  lead  to  a  prac¬ 
tical  method  of  designing  structures  to  with¬ 
stand  air  bla.st. 

(e)  Failure  of  rjlaziufj  materials. — Table  XV 
gives  the  number  of  each  size  of  pane  of  each 
type  cracked,  broken,  or  torn  in  the  north  and 
ea.st  elevations  of  each  barracks  for  test  1,  and 
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Table  XV. — Ciacked  and  broken  irindow  /janes  in  nojih  and  east  elcvatiuns  of  barj'acks 


Type 

Pane  size 

T».t  1 

_  J 

Test  .3 

Parracka  1  ^ 

Exposed  Damaued  Damaged 

1 

Kxpoaetl 

larrucka  ‘ 
Damaged 

!  J 

Damaged 

] 

Exposed 

[larraeks  3  i 

Damage.l  iJamagc:! 

liarracks  1 

Exposed  Damaged  Damageii 

/«  hts 

.\kMbn' 

Xumlnr 

/’«Ti  rnt 

.\  umhfr 

umber 

umber 

.Sumbir 

I’t  rernt 

umbff 

Xumbrf 

hrci'ut 

( 

3K  .X  15 

n 

16 

91 

17 

5 

29 

16 

1 

6 

16 

10 

62 

DS  Kliiss  .... 

] 

12  X  15 

32 

6 

19 

32 

0 

0 

32 

0 

0 

35 

4 

11 

1 

»  X  10 

50 

11 

22 

61 

0 

0 

50 

0 

0 

52 

13 

25 

( 

38  X  16 

4 

4 

100 

4 

2 

50 

4 

0 

0 

4 

3 

75 

Wire  Klass  0.25'' 

] 

12  X  15 

8 

2 

25 

8 

0 

0 

8 

0 

0 

8 

3 

37 

1 

y  X  10 

S 

1 

12 

8 

0 

0 

9 

0 

0 

8 

5 

62 

1 

38  X  15 

2 

2 

100 

2 

2 

100 

2 

2 

100 

2 

2  i 

100 

fjumHpane  . . . 

( 

12  X  16 

8 

8 

100 

8 

6 

62 

8 

4 

50 

8 

6 

75 

1 

9  X  10 

8 

5 

50 

8 

0 

0 

8 

0 

0 

11 

5 

45 

38  X  15 

2 

2 

100 

2 

2 

100 

2 

2 

100 

2 

2 

100 

^^imlite  . 

12  X  16 

8 

8 

100 

8 

8 

100 

8 

5 

62 

6 

6 

100 

9  X  10 

8 

8  1 

100  ! 

8 

4 

50 

8 

3 

37 

8 

8 

100 

[  38  X  15 

1 

I  1 

100  1 

1 

1 

100 

2 

2 

100 

— 

— 

— 

Lumarith  .... 

> 

'  12  X  15 

4 

4 

100 

4 

4 

100  1 

4 

4 

100 

6 

6 

100 

] 

[  9  X  10 

8 

7 

87 

8 

8 

100 

7 

6 

86 

3 

0 

0 

[  38  X  15 

1 

0 

0 

1 

1 

100 

1 

1 

100 

1 

1 

100 

rni.nle  O.Ofi"  . 

( 

1  12  X  15 

1  3 

3 

100  1 

'  ^ 

1 

j  M 

3 

0 

0 

2 

1 

50 

[  9  X  10 

5 

1 

20 

3 

0 

0 

4 

0 

0 

4 

1 

25 

(  38  X  15 

1 

0 

0 

1  1 

0 

'  0 

1 

1 

100  1 

1  1 

1 

100 

(iUcite  0.15"  . 

1  12  X  16 

3 

0 

0 

3 

0 

0 

3 

0 

0  I 

'  2 

0 

1) 

(  9  X  10 

3 

0 

0 

4 

0 

0 

4 

0 

0 

4 

0 

0 

f  38  X  16 

1 

0 

0 

1 

0 

0 

1 

0 

0 

t  2 

0 

0 

Herculite  0.26" 

I  12  X  16 

2 

0 

0 

2 

0 

0 

2 

1  0 

0 

1 

0 

0 

[  9  X  10 

2 

0 

1  0 

2 

0 

0 

2 

1  0 

0 

1  2 

0 

0 

f  38  X  15 

1 

1 

100 

1 

1 

0 

1 

0 

0 

1  2 

0 

0 

Flexseal  0.25" 

1  12  X  15 

2 

0 

1  o 

2 

0 

0 

2 

0 

0 

2 

0 

0 

[  9  X  10 

2 

0 

0 

2 

0 

0 

2 

0 

0 

2 

0 

0 

[  38  X  16 

1  2 

2 

100 

2 

0 

1 

2 

0 

0 

2 

0 

0 

Duplate  0.26"  . 

j  12  X  16 

'  2 

0 

,  « 

2 

1  0 

0 

2 

0 

0 

2 

0 

0 

1  9  X  10 

2 

0 

!  0 

2 

0 

0 

:  2 

0 

0 

2 

0 

in  Barracks  1  (in  which  all  windows  were  re- 
glazed  prior  to  the  explosion)  for  test  3.  The 
table  also  shows  percentages  of  pane  failures 
to  the  total  number  exposed  in  each  case.  In 
the  following  subparagraphs,  the  behavior  and 
characteristics  of  each  type  of  glazing  material 
te.sted  is  discussed  in  order  of  blast  resistance 
as  determined  by  the  percentages  of  failure,  the 
most  highly  resistant  being  taken  up  first: 

1.  Hercnlite. —  (tempered  plate  plass,  (4"  thick). 
ThouRh  blown  out  of  the  sash  in  some  cases,  this 
material  was  never  cracked  or  broken  either  by 
blast  or  by  falling  to  the  floor.  It  probably  would 
never  fail  under  blast  except  at  reduced  distances 
less  than  about  10  ft/lb'  “  hut  mipht  break  under 
impact  of  a  relatively  heavy  missile  at  greater 
distances.  When  broken,  tempered  plate  glass 
separates  into  a  large  number  of  small  nearly 
cube-shaped  pieces,  the  length  of  a  side  of  one 
cube  being  the  same  as  the  thickness  of  the  plate. 
Being  small  and  tending  to  cling  together,  these 
pieces  do  not  fly  far  and  do  not  present  as  great  a 
hazard  as  large,  jagged  fragments.  Tempered 
glass  is  probably  the  ideal  material  for  resisting 
the  effects  of  explosion;  however,  its  high  cost 
precludes  general  use. 

2.  Flexseal. —  (laminated  safety  glass,  (4"  thick, 
with  plastic  edge  zone).  This  glass  cracked  in 


several  instances  hut  the  fragments  were  success¬ 
fully  held  together  by  the  plastic  core  and  there 
was  no  flying  fragment  hazard.  The  plastic  edge 
did  not  appear  to  be  of  great  benefit  in  reducing 
breakage. 

.3.  Du/date. —  (plain  laminated  safety  glass  V*" 
thick).  This  material  with.stood  the  blasts  about 
as  well  as  Flexseal.  When  it  cracked,  the  frag¬ 
ments  were  held  together  by  the  core  and  prevented 
from  flying  into  the  building.  Because  of  its  rela¬ 
tively  high  resistance  to  blast  and  its  nonfrag¬ 
menting  characteristic  this  glass  would  furnish  a 
high  degree  of  security  from  the  flying  glass  hazard 
to  occupants  of  any  building  at  one-half  the  A.T.D. 
distance  for  inhabited  buildings.  However,  it  is 
too  costly  for  general  use. 

4.  Lncitc. —  (acrylic  resin  sheet,  0.15"  thick).  Al¬ 
though  this  material  was  more  resilient  than  glass, 
on  reaching  critical  deflection  it  broke  into  irregu¬ 
lar  fragments  similar  to  those  of  glass;  and  being 
lighter  in  weight,  these  pieces  were  propelled 
further  into  the  building.  One  38"  x  15"  pane  was 
blown  out  intact  and  found  on  the  floor  next  to 
the  opposite  wall.  When  the  panes  broke,  the  edges 
were  not  generally  as  sharp  as  those  of  glass  frag¬ 
ments.  Thus  it  appears  that  Liicifr  is  somewhat 
more  blast  resistant  and  presents  less  of  a  flying 
fragment  hazard  than  common  glass.  However, 
the  acrylic  resins  are  too  expensive  for  general 
glazing  purposes. 
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0.  ns  ylasn. —  (common  sheet  window 
about  0.12"  thick).  It  sustained  a  hit'll  incidence  of 
IneakaEO,  bekavinE  characteristically.  Lai'Ee  num¬ 
bers  of  sharp-edEed  frasnients  were  scattered 
over  the  floors,  most  extensively  in  the  closest 
buildinE.  JasE^d  sections  were  frequently  left  in 
the  sash.  The  personnel  injury  ha/.ard  was  hiEher 
than  with  any  other  material  tested,  except  where 
the  Elass  was  backed  up  by  wii-e  mesh  haviiiE 
'2"  square  openinEs.  When  the  mesh  was  present, 
scatteriiiE  of  fraEments  was  Ei  eatly  reduced.  Only 
a  few  of  the  .smallest  fraEments  found  their  way 
throuEh  the  mesh,  and  these  did  not  travel  more 
than  8  or  10  feet  from  the  wall  containiiiE  the 
window. 

(5.  Wire  ylass. —  (*4"  thick).  Althoush  the  inci¬ 
dence  of  breakage  of  this  glass  was  greater  than 
that  of  I)S  ylass,  it  did  not  fragment  as  badly,  the 
pieces  being  held  together  by  the  hexagonal  wire 
mesh,  and  the  flying  glass  hazard  was  hardly  moic 
than  in  the  ease  of  the  safety  glasses. 

7.  Liiciie. —  (acrylic  resin  sheet,  0.06"  thick). 
This  was  the  strongest  of  the  light  plastic  sheets 
tested.  It  did,  however,  break  into  .sharp  frag¬ 
ments  in  the  same  manner  as  the  thicker  Lacife. 
Since  it  was  too  light  to  withstand  the  blast  well, 
its  use  seems  to  offer  no  advantage. 

8.  Liiuinjmse. —  (laminated, wire-mesh  reinforced 
sheet  cellulose  acetate  about  0.04"  thick).  This 
material  frequently  tore  out  of  the  sash  in  one 
liiece.  Sometimes  it  split  into  several  pieces.  The 
fragments  were  light,  and  were  propelled  well  into 
the  interiors  of  the  buildings,  although  they  would 
not  have  constituted  a  serious  hazard  to  any  person 
who  may  have  been  occupying  the  building.  Some 
panes  stayed  in  place,  although  badly  bulged. 

t).  Viiiilite. —  (wire  mesh  coated  with  cellulose 
acetate).  This  material  had  little  blast  resistance 
and  tore  like  cloth,  along  two  lines  at  right  angles 
to  each  other  Strips  were  frequently  left  attached 
to  the  sash  while  the  remainder  was  blown  well 
into  the  building.  The  pieces  were  light,  however, 
and  did  not  constitute  a  severe  hazard. 

10.  Lniiiai-ith. —  (plain  sheet  cellulose  acetate, 
0.06"  thick).  This  had  the  least  blast  resistance 
of  any  material  te.sted.  It  frequently  was  blow-n 
out  of  the  sash  by  wind  before  the  explosions  took 
place.  It  tore  easily,  and  in  random  directions, 
llcing  light,  its  fragments  were  blown  into  the 
buildings  at  high  speed,  but  owing  to  the  relatively 
soft  and  flimsy  nature  of  the  pieces,  no  great 
hazard  existed. 

Sumniinj'  up,  it  appear.s  that  where  bla.st  re- 
.sistance  i.s  of  prime  importance  and  cost  i.s 
secondary,  tempered  and  laminated  safety 
glas.ses  offer  the  be.st  solution.  If  economy  i.s 
essential  and  the  hazards  due  to  flying  gia.ss 
must  be  avoided,  common  DS  sheet  window 
glass  in  small  panes  backed  up  by  wire  mesh 


may  jirove  to  be  the  best  compromi.se.  Where 
safety  gla.ss  or  common  window  glass  backed 
by  wire  mesh  is  used,  attention  should  be  given 
to  assuring  adequate  .strength  of  the  window 
frame  and  sash,  in  order  that  failure  of  the.se 
members  will  not  nullify  the  benefit  of  the 
stronger  glazing.  The  thinner  plastics  are 
more  difficult  to  mount,  are  generally  poor  from 
a  visibility  standpoint,  and  do  not  offer  much 
resistance  to  bla.st.  Their  advantage  lies  chiefly 
in  the  fact  that  they  fail  quickly  and  relieve  the 
pressure  on  the  building  to  some  extent,  thereby 
reducing  other  forms  of  damage,  in  all  prob¬ 
ability.  Further,  they  are  light  and  do  not 
present  a  serious  flying  fragment  hazard. 

It  is  recognized  that  the  results  of  the.se 
tests  do  not  in  all  cases  offer  a  fair  comparison 
of  the  different  types  of  glazing  materials,  size 
for  size  and  thickness  for  thickness,  owing  to 
the  many  variables  impo.sed  by  the  conditions 
of  the  tests.  The  tests  were  not  true  tests  of 
the  glazing  materials  but  rather  of  windows 
glazed  with  them,  in  which  the  .strengths  of 
the  window  frames,  sash,  methods  of  mourn¬ 
ing,  and  even  orientation  and  location,  entered 
the  problem  as  well  as  the  strengths  of  the 
panes  themselves.  Sometimes  the  mountings 
gave  way  and  whole  panes  were  blown  in.«ide 
the  buildings;  in  such  ca.sea  there  is  no  way  of 
knowing  whether  the  pane  would  have  failed 
had  the  mounting  held  fa.st.  The  thin  pla.stics 
were  especially  subject  to  this  difficulty,  and 
were  cla.ssed  as  damag’ed  when  torn  away  from 
the  staples  which  held  them  to  the  .sash ;  how¬ 
ever,  had  a  more  secure  mounting  (such  as  a 
continuous  clamp  or  compre.ssion  .stop)  been 
employed,  the  percentages  of  failures  of  these 
panes,  particularly  Lumapane,  might  have 
been  lower. 

The  effect  of  orientation  on  incidence  of  glass 
damage  is  .strikingly  demonstrated  by  the  te.sts. 
Windows  on  the  north  .side  (angle  of  incidence 
of  .shock  front  30°)  sustained  about  twice  as 
much  gla.s.s  damage  as  the  east  side  (angle  of 
incidence  60°),  and  of  the  order  of  10  times  as 
much  as  the  west  or  lee  side  which  was  facing 
120°  away  from  the  explosion.  It  would  seem 
that  in  the  laying  out  of  ammunition  plants, 
window  damage  could  be  minimized  to  a  great 
extent  by  omitting  windows  on  those  .sides  of 
buildings  which  face  the  hazard,  wherever 
possible. 
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PART  VI.  CONCLUSIONS 


I.  Increase  in  permissible  quantity  of  high 
explosives  per  igloo  magazine. 

In  view  of  the  facts  brought  out  by  these 
tests,  namely,  that : 

(a)  in  three  tests  in  each  of  which  500,000 
net  pounds  of  TNT  were  detonated,  involving 
eight  possibilities  of  explosion  propagation  as 
enumerated  below,  there  were  no  detonations, 
low-order  explosions,  nor  any  noticeable  effect 
upon  the  TNT  filler  of  the  hombs  and  mines 
stored  in  the  target  magazines  and  revetments : 


Not  pounds 

Stored  in 

At  clear  »li.><tance 
in  ft*et 

1 

'  500,000  1 

Igloo  E  .  . 

185 

1 

1  , 

1  250,000 

Igloo  F  . 

400 

Test  1  ■  ■  1 

1  i 

I  500,000 

Revetment  1 

400 

ll 

250,000 

Revetment  2 

360 

1  250,000 

Igloo  F  .  . 

360 

Test  2  .  .  . 

.  500,000 

Revetment  1 

616 

/  250,000 

1  Revetment  2 

400 

Test  4 

250,000 

1  ...  do 

538 

(b)  the  crater  radius  was  leas  than  half  the 
distance  to  the  nearest  target  igloo  or  revet¬ 
ment  in  each  instance; 

(c)  the  bomb  stacks  within  the  target  igloos 
were  not  displaced  from  position  nor  appreci¬ 
ably  disturbed; 

(d)  the  mine  slacks  survived  scattering  of 
upper  layers  and  toppling  of  border  tiers  of 
mines ; 

(e)  displacements  of  the  target  igloos  were 
inconsequential; 

(f)  missiles  failed  to  penetrate  to  the  interior 
of  the  target  igloos; 

(g)  damage  to  the  target  igloos  was  minor, 
there  was  no  serious  scabbing  of  concrete  from 
inner  surfaces  and  no  danger  of  collapse  of  the 
magazines; 

it  is  concluded  that  the  probability  of  pronaga- 
tion  of  explosion  from  one  standard  igloo 
magazine  to  another  at  present  standard  spac¬ 
ing  (400  feet)  when  the  charge  per  magazine 
is  500.000  net  pounds  of  TNT  in  ammunition, 
is  extremely  remote.  Therefore,  it  is  believed 
that  it  would  be  safe  to  raise  the  limit  of  high 
explosives  not  more  sensitive  to  shock  than 


cast  TNT  to  500,000  net  pounds  in  ammunition 
per  standard  80-foot  reinforced  concrete  arch, 
earth  covered,  igloo  type  magazine,  at  present 
standard  distances  from  neighboring  maga¬ 
zines  and  revetments,  provided  adequate 
distances  for  500,000  pounds  of  explosives  arc 
maintained  from  inhabited  buildings,  railways, 
and  highways. 

2.  Reduction  of  intra-line  igloo  magazine 

spacing. 

The  failure  of  the  charge  in  Igloo  E  to 
explode,  detonate,  or  suffer  noticeable  effects 
in  test  1,  coupled  with  the  facts  enumerated 
under  items  (b),  (c),  (e),  (f),and  (g)  in  the 
foregoing  section,  leads  to  the  conclusion  that 
there  is  small  probability  of  propagation  of 
explosion  from  one  igloo  magazine  containing 
500,000  net  pounds  of  TNT  to  another  parallel 
to  the  first,  at  a  clear  distance  of  185  feet.  It 
is  true  that  since  there  was  only  one  trial  ful¬ 
filling  this  condition,  there  is  justification  in 
stating  that  there  is  no  proof  that  upon  a  second 
trial,  or  within  a  few  successive  trials,  a 
propagation  w'ould  not  occur.  How’ever,  ob¬ 
servers  with  long  experience  in  military  high 
explosives,  after  examining  the  condition  of 
the  target  magazine  and  its.  contents  were 
unanimous  in  the  opinion  that  there  was  little 
likelihood  of  a  detonation.  Consequently,  it  is 
believed  that  under  normal  conditions,  i.e.,  with 
igloos  of  proper  construction  on  sound  ground, 
and  with  the  ammunition  stored  in  stable  piles, 
it  W'ould  be  reasonably  safe  to  permit  a  reduc¬ 
tion  in  spacing  of  standard  igloo  magazine.s, 
limited  to  500,000  net  pounds  per  magazine 
of  high  explosives  not  more  sensitive  to  shock 
than  cast  TNT,  from  400  to  185  feet,  measured 
between  the  near  outside  walls,  at  grade,  of 
magazines  abrea.st  in  line. 

3.  Inhabited  building  distance. 

The  term  “safety  distance”  though  appearing 
in  part  II,  Objects  of  the  tests,  hereof,  has  been 
purposely  omitted  becau.se  it  is  felt  that  it  was 
inappropriately  used.  Safety  is  defined  as 
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“freedom  from  danj^er  or  hazard ;  exemption 
from  hurt,  injury,  or  loss.”  This  state  is  never 
truly  achieved  in  explosions  except  at  tre¬ 
mendous,  impracticable  distances.  Those  who 
formulated  the  American  Table  of  Distances 
seemed  to  studiously  avoid  the  term  and  made 
no  pretense  that  their  distances  would  provide 
safety  from  the  effects  of  explosions,  but  based 
the  table  on  prevention  of  “substantial  struc¬ 
tural  damage”  which  would  thereby,  they 
concluded,  avoid  “.serious  risk”  to  occupants  of 
buildings.  They  defined  “substantial  structural 
damage”  as  follows: 

(1)  In  stone  or  brick  houses.  The  serious  weak¬ 
ening  of  or  displacement  of  portions  of  supporting 
walls  (i.e.,  foundations,  side  walls  or  interior 
supports)  and  the  breaking  of  roof  rafters  or  other 
important  roof  supports  or  floor  joists. 

(2)  In  frame  buildings.  The  serious  weakening 
of  or  displacement  of  foundations,  the  breaking  of 
any  of  the  main  supports  in  the  side  walls  or 
interior  supporting  walls,  and  the  breaking  of  any 
main  supports  of  the  roof  or  floors. 

...  no  distinction  was  made  as  to  whether  the 
building  involved  was  structurally  strong  or  the 
reverse,  as  much  weight  being  given  to  a  flimsy 
building  as  to  one  of  brick  or  stone,  and  the  dis¬ 
tances  prescribed  to  embrace  the  extreme  cases  of 
damage. 

No  attempt  is  made  here  to  determine  a  “.safety 
distance,”  or  a  lesser  distance  involving  exer¬ 
cise  of  judgment  as  to  the  degree  of  risk  or 
level  of  damage  deemed  acceptable;  but,  rather, 
an  effort  is  made  in  the  following  to  find  that 
distance  which,  in  these  tests,  would  have 
avoided  “substantial  .structural  damage”  as 
defined  above.  In  the  first  explosion  of  500,000 
pounds  of  TNT  in  an  igloo  magazine  in  these 
tests.  Barracks  1,  at  2,705  feet,  sustained  many 
broken  and  displaced  studs,  plates,  braces, 
sheathing,  cracked  rafters,  a  fractured  roof 
girder,  a  supporting  post  knocked  out  of  an 
exterior  wall,  and  many  windows  blown  in.  It 
is  clear  that  this  was  “substantial  structural 
damage,”  and  that  there  would  have  been 
“serious  ri.sk”  to  occupants  of  the  building. 
Barracks  2,  at  3,605  feet,  suffered  a  considerable 
number  of  cracked,  broken  and  displaced  studs, 
plates  and  braces,  some  broken  sheathing  and 
several  window  sash  were  blown  in.  A  build¬ 
ing  occupant  might  easily  have  been  .struck  by 
one  of  these  sash  (as  well  as  seriously  cut  by 
flying  glass  which  was  considered  minor  by  the 
makers  of  the  A.T.D.).  The  plaster  or  wall- 


board  over  the  entire  north  wall  would  have 
had  to  be  removed  to  effect  structural  repairs, 
ihis  damage,  though  lesser  in  extent  than  in 
Barracks  1  and  perhaps  a  borderline  case,  is 
nevertheless  considered  to  be  “substantial” 
since  the  breakage  of  a  group  of  studs  is  in¬ 
terpreted  as  equivalent  to  the  breaking  of  a 
main  support  in  a  side  wall,  in  ordinary  frame 
construction.  Barracks  3,  at  5,410  feet,  sus¬ 
tained  only  2  cracked  studs  and  clearly  was  not 
substantially  damaged.  From  the  foregoing, 
it  appears  that  the  limiting  distance  for  sub- 
.stantial  structural  damage  lies  between  3,605 
and  5,410  feet,  being  clo.ser  to  the  former.  To 
approach  the  problem  from  another  angle, 
consider  the  relationships  of  peak  blast  pres¬ 
sures  and  positive  impulses  for  explosions  of 
500,000  pounds  of  HE  in  the  open,  for  which 
the  A.T.D.  distance  is  5,410  feet,  and  within  an 
igloo  magazine.  The  tests  showed  that  peak 
pressures  were  little  less  from  the  igloo  shots 
than  from  the  open  shots,  the  most  that  the 
igloos  could  be  credited  with,  and  this  is  opti- 
mLstic,  being  a  reduction  in  peak  pressure 
corresponding  to  a  reduction  of  open  charge 
from  500,000  to  350,000  pounds.  The  A.T.D. 
distance  for  the  latter  quantity  is  4,780  feet. 
The  testa  akso  showed  that  positive  impulses 
were  reduced  by  the  presence  of  igloos  to 
values  corresponding  approximately  to  those 
from  an  open  charge  of  170,000  pounds,  for 
which  the  A.T.D.  di.stance  is  3,930  feet.  Since 
peak  pressure  and  positive  impul.se  are  equally 
important  as  criteria  for  damage,  it  seems  he.st 
to  give  them  equal  weight,  and  take  the  average 
of  the  two  latter  di.stances.  This  results  in  a 
value  of  4,350  feet  as  the  estimated  distance  at 
which  damage  from  an  explosion  of  an  igloo 
containing  500,000  pounds  of  HE  would  be 
equivalent  to  that  cau.sed  by  an  open  explosion 
of  the  same  quantity.  As  this  figure  i.s  between 
3,605  and  5,410  feet,  being  closer  to  the  former, 
it  checks  with  the  approach  on  the  basis  of  ac¬ 
tual  damage  done  to  the  barracks,  and  appears 
to  be  as  clo.se  as  can  be  come  to  the  limiting 
di.stance  for  “sub.staiitial  structural  damage,” 
on  the  basis  of  these  tests.  Accepting  the  same 
degree  of  risk  and  damage  level  as  contem¬ 
plated  by  the  A.T.D.,  the  distance  of  4,350  feet 
is  therefore  considered  to  be  the  distance  that 
should  be  maintained  between  unbarricaded  in¬ 
habited  buildings  and  standard  Army  and  Navy 
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igloos  containing  500,000  net  pounds  of  high 
explosives.  This  comprises  a  re-e.^ii^-adon  of 
tUe  efficacy  of  standard  earth-covered  igloos  as 
“barricades”  for  it  is  obvious  from  the  pressure 
and  impulse  data,  as  well  as  the  actual  damage, 
that  the  ig’oo  is  not  sufficiently  offiensively  bar¬ 
ricaded  to  warrant  dividing  the  unbarricaded 
A.T.D.  distance  in  two,  as  has  been  customary 
for  many  years.  Indeed,  there  seems  to  be 
good  reason  foi  doubting  the  value  of  barri¬ 
cades  in  reducing  air  blast  generally,  except 
perhaps  v/hen  located  close  to  the  structure  to 
be  protected. 

4.  Effect  of  increased  earth  cover. 

The  tests  failed  to  disclose  any  consistent 
tendency  to  lower  values  of  peak  blast  pressure 
or  positive  impulse  when  the  earth  cover  on  a 
standard  igloo  was  doubled.  Damage  to  bar¬ 
racks  appeared  as  severe  but  .since  the  buildings 
had  been  subjected  to  previous  blasts  no  great 
significance  is  placed  on  this.  Suffice  it  to  say 
that  there  is  no  evidence  that  the  increase  in 
earth  cover  was  sufficient  to  warrant  any  reduc¬ 
tion  in  inhabited  building  distances. 

5.  Types  of  window  glass  and  subsfifufes  which 
might  reduce  dangers  of  injury  from  broken 
glass. 

Tempered  and  laminated  safety  type  plate 
glasses  stood  up  well,  but  if  not  securely 
mounted  were  blown  into  the  Interiors  of  the 
buildings,  acting  as  missiles.  The.se  gla.sses 
were  the  mo.st  expensive  of  types  tested.  None 


of  the  thin  plastics  tested  were  very  sati.sfac- 
tory,  as  they  were  torn  out  whole  or  went  to 
piece.s  fairly  easily.  Their  fragments  did  not 
constitute  dangerous  missiles,  however.  Visi¬ 
bility  through  them  was  generally  poor,  and 
they  were  relatively  expensive.  Common 
double-strength  window  glass  shattered  easily 
but  when  backed  up  by  a  well-secured  screen  of 
heavy  wire  mesh  seemed  to  be  the  best  comiiro- 
mise.  For  further  details,  see  part  V,  section 
10  (e). 

6.  Danger  radius  for  blasting  of  broken  glass 
from  windows. 

There  was  some  “flying  glass,”  arbitrarily 
defined  as  window  glass  that  traveled  further 
horizontally  that  it  fell  vertically,  even  in 
Barracks  3,  hence  the  limiting  distance  was  not 
bracketed.  It  is  estimated,  however,  that  flying 
glass  would  not  have  occurred  to  any  great 
extent  beyond  about  6,000  feet. 

7.  Pressures  and  velocities  of  the  shock  waves 
In  air. 

At  214  feet  from  the  center  of  detonation  of 
a  500,000-pound  charge,  hydrostatic  peak  blast 
pressures  were  of  the  order  of  35  p.s.i.  gage, 
and  at  2,700  feet  they  were  of  the  order  of  1 
p.s.i.  gage.  Velocities  of  propagation  were  of 
the  order  of  2,250  feet  per  second  at  214  feet, 
and  close  to  the  velocity  of  sound  at  2,700  feet. 
For  other  data  on  these  and  other  phenomena, 
see  parts  IV  and  V. 
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APPENDIX  A.  FIELD  INSTRUMENT  RECORDS 

Hall  cntahcr  yage  t’t’cord 


TKST  1.  NOL  CA'lKii 


/.ine  1 

/.»«<• 

•  3 

Distance  fr“m 

Calibration 

Deformation 

Pressure 

Deformation 

Pressure 

1 

t  Deformation 

l*ressiire 

charge,  feet 

in  X  10”;lb  in* 

in  X  10« 

lb  in* 

in  X  10“ 

lb  in* 

In  X  10“ 

ib  in* 

120 . 

32.8 

2.300 

70 

1,900 

5^- 

1,400 

43 

130 . 

32.8 

1.500 

46 

1.500 

46 

1,500 

46 

110  ,  .  . 

32.8 

1,600 

49 

2,300 

70 

2,000 

61 

150 . 

32.8 

1.300 

40 

1,500 

16 

1,300 

40 

IfiO  . 

32.9 

2.100 

64 

5,000 

152? 

5.000 

152? 

17.5  . 

.32.9 

1,500 

46 

TKST  1.  AUCO  GAGKS 

120  . 

161 

5,900 

36 

10,900 

66 

14,000 

85 

130 . 

164 

11.700 

71 

7,500 

46 

20.500 

126 

141) . 

164 

10.000 

61 

8,500 

62 

4.800 

29 

150  . 

164 

5,000 

33 

9,000 

65 

5,300 

S2 

1«U  .  .  .  ... 

164 

10,900 

66 

8,600 

62 

2,500 

15 

175  . 

164 

5.000 

30 

TKST  2.  NOL  GAGKS 

120.  ..... 

37.8 

5.000 

152 

2,500 

76 

1.700 

52 

130  .  . 

37.8 

7.600 

232? 

1.400 

43 

l.iiOO 

49 

140 . 

.37.8 

4.700 

143 

1,400 

43 

900 

277 

IGO . 

.37.8 

1.200 

37 

IfiO  . 

32.9 

X 

1,700 

52 

900 

27? 

TKST  2.  ARCO  GAGKS 

120  . 

164 

X 

10,500 

64 

6,300 

38 

164 

8,000 

49 

5,400 

140  . . 

164 

7.300 

45 

4,800 

26 

150 . 

164 

7.400 

160 . . . 

164 

14,400 

SS 

6,700 

41 

X 

140  .  . .  . 

7,200 

44 

140  . 

10,000 

61 

140  . 

7.400 

45 

140  . 

8,600 

52 

TKST  li.  NOL  i;a(;ks 


l.itu-  2 

Urn  ! 

l.iiH 

3 

100  . 

32.7 

1.200 

37? 

1,600 

49 

X 

. 

no . 

32.8 

8.800 

268? 

1,600 

49 

X 

1  , 

120 . 

32.8 

1,400 

43 

1,200 

37 

900 

27 

130 . 

32.8 

2.700 

82? 

1..500 

46 

140  . 

32.8 

1,000 

30 

1.8U0 

.55 

2,500 

70 

TKST  3.  AUCO  (;AGKS 

J.ine  2 

Unr  .? 

l.im  3 

100 . 

163 

7,200 

44 

1,400 

97 

X 

110 . 

164 

7.000 

43 

1,600 

10? 

120  . 

164 

6.000 

36 

5.000 

31 

1,400 

9? 

130 . 

164 

4.300 

26 

6.900 

42 

X 

140 . 

164 

6.000 

36 

1,300 

8? 

5,000 

31 

TKST  4  NOG  flAGKS 

Unt 

1 

f.inc  2 

I. in 

3 

120 . 

32.8 

7,400 

225 

2.800 

86 

3,000 

92 

130 .  . 

32.8 

6,200 

190 

4.200 

128 

4,000 

122 

140 . 

32.8 

3.500 

107 

4.100 

126 

6,000 

183 

1.50 . 

32.8 

4,100 

125 

3,400 

103 

2,800 

85 

160 _ _ 

32.9 

600 

IS? 

1,200 

.37 

2,400 

73 

TKST  4.  ARCO  GAGKS 


120 . 

164 

34,700 

212 

4.400 

277 

16.400 

100 

130 . 

164 

21,200 

129 

11.200 

in 

18.300 

111 

140 . 

164 

38,500 

2357 

17,.500 

107 

12,700 

77 

150 . 

164 

16.600 

lOI 

11,700 

71 

9.900 

60 

160 . 

164 

12.300 

75 

9.000 

55 

6,700 

35 

164 

164 

. 

140  ..., . 

164 

7.500 

46 

X  ln«Ju’ate«  trage  lost  or  damaged.  No  reading  obtained. 
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Abin'dcen  jwper  blast  meter  records 


TKST  NO.  3  D.\TK  Ifi  OCTOHKK  19^6 


TKST  NO.  1  OATK  I  OCTOHKK  1946  Number  of  smallest  <Iia}ihrauni  rupturej 


— 

- 

Number 

jf  smallest 

sliaphratrm 

ruptured 

No.  1 

No.  2 

No.  3 

No.  4 

Distan.’f, 

Meter  line 

Meter  line 

Meter  line 

Meter  line 

ftti 

No.  1 

No.  L' 

No.  3 

No.  4  ■'*•>  . 

nOll 

9 

9 

500  . 

s 

8 

5(5.5 

9 

9 

9 

•  •  •  565  . 

9 

s 

(5-10  . 

9 

9 

9 

640  .  . 

9 

8 

s 

725 

9 

9 

8 

725  . 

s 

7 

v* 

*<20.. 

8 

9 

8 

'^20  .  . 

8 

6 

7 

930  ... 

8 

H 

930  . 

7 

6 

7 

1.055  .. 

8 

7 

7 

1.055 

6 

6 

6 

1.190  . 

6 

7 

1.190  . 

4 

G 

6 

1.350  . 

7 

6 

7 

1.350  . .  . 

•; 

6 

4 

1.530 

6 

7 

6 

1.530  , 

3 

5 

5 

1.730  . 

5 

7 

5 

1.730  . 

3 

4 

4 

1.960  .  . 

5 

5 

4 

1,960 

0 

3 

4 

2.220  . 

5 

4 

5 

.  2.220  . 

1 

3 

3 

2.515 

1 

4 

4 

2.515 

1 

2 

2 

2.S15 

3 

4 

3 

2.843 

0 

3 

2 

3.220  . 

3 

3 

3 

.  3.220 

0 

3 

2 

3.650  . 

2 

2* 

2 

3.6.50  .  . 

0 

1 

•> 

4,140  .  -  .  - 

2 

1 

2 

4.140  ,  ... 

0 

1 

0 

4.690  . 

2 

1 

2 

4.6‘»0  . 

0 

0 

0 

5.310  .. 

1 

1 

1 

_  _ 

— 

6.000  . 

0 

1 

0 

820  (50'  FI  in  crater 

TKST  NO.  4  DATK 

23  OCTOHKK  1946 

9 

820  (300'  Vj  in  crater 

500  . 

10 

9 

20'  deep) 

9 

.  640  _ 

!' 

9 

9 

2.030  (In  Blream  beil 

S20  . 

X 

9 

V 

12'  deep » 

5 

.  1,055 

8 

8 

6 

900  (In  wnsh  7' 

1..35(t 

- 

8 

7 

deep) 

s 

1.730  .. 

6 

. 

5 

I 

•  Actual  distatice  was 

3.500' 

2  220  . 

5 

5 

5 

2.845  . . 

4 

3 

5 

3.6.50  . 

3 

3 

: 

TKST  NO.  2  DATK  K  OCTOHKK  1946 

4.690  .. 

1 

2 

: 

6.000  .  . 

0 

0 

0 

500 

1  i. 

1 

9 

565  . 

1 

9 

9 

640  ... 

9 

9 

9 

.  ..  Ahiviinnm  foil  blast  rnffer 

records 

725  . 

'  8 

9 

8 

. 

TKST  NO.  1  DATK  1  OCTOHKK  1946 

820  ...  _ 

!  8 

1 

8 

8 

1  S 

8 

8 

.... 

Number 

of  smallest  <linphra>fm 

ruptured 

Distance, 

Meter  line 

Meter  line 

Meter  line 

Me*er  line 

feet 

No.  1 

No.  2 

No.  3 

No.  4 

1.350  . 

7 

6 

6 

1.530  . 

4 

6 

6 

175 

9 

1.730 

1  5 

0 

5 

225  .  . 

9 

l.OfiO  . 

1  3 

6 

4 

275  . , , . 

’ 

9 

2.220  .. 

3 

3 

330  . 

6 

7 

2.515  .. 

1  ' 

3 

3 

...  385  .  . 

5 

7 

2,845  . . 

1 

2 

3 

440 

1 

6 

3.220  ... 

2 

2 

2 

500 

t 

4 

3.650  .  . 

3 

2 

3 

.  56.5  .  .  . 

3 

3 

4.140  ... 

1 

2 

2 

640  . 

2 

3 

4.690 

2 

0 

0 

725 

2 

5.310 

2 

0 

'<20  . 

1 

2 

6.000  . 

0 

0 

930 

0 

1 

_ 
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AliiiiihiitiH  foil  Mont  meter  records — continued 


TKST  NO.  2  DATK  8  OCTOHKR  1946  TKST  NO.  3  DATK  16  OCTOHKR  liU6 


D:s<tanct‘. 

feet 

Number 

uf  Hmallest 

4iiBt>hra)?m  rupturt**) 

Number 

>f  smallest  diaphrairm 

ruiktured 

Meter  line 
No.  1 

Meter  line 
No.  2 

Meter  line  .Meter  line 

No.  8  No.  4 

D'.Mtun  c,  Meter  line 

left  No.  1 

Meter  line 
No.  2 

Meter  line 
No.  3 

.Meter  line 
No.  4 

1T.J 

10 

1 

140 

- 

< 

22.J 

1) 

....1 .. 

1 75 

275 

10 

8 

. I-  .  -  ■ 

225 

.  i 

0 

10 

6 

. 1 

275 

.  1 

6 

. 

7 

5 

1 

330 

440  ... 

(i 

5 

5S.5 

.  7 

5 

500 

8 

f> 

440. 

.  ....  . .  ■  5 

4 

565  ... 

5 

4 

.  .  . • 

503 

. .  3 

3 

640 

0 

3 

505 

9 

2 

725 

4 

2 

640 

.  4 

1 

S20 

3 

2 

_  1 

725 

. '  3 

0 

1'30  ,  , 

2 

1 

.«20 

9 

• 

. 

0 

TE.ST  NO.  4  DATE  23  OCTOBER  1946 


225  . 

12 

! 

330  .  .  .  . 

^  10 

9 

440  . 

6 

7 

565  . 

5 

6 

725  . 

3 

4  1 

!)3(> . 1 

!  2 

1 

APPENDIX  B 


Calibration  of  Foil  and  Paper  Blast  Meters 
(performed  at  the  Naval  Proving  Ground, 
Arco,  Idaho,  before  the  Igloo  Tests). 

I.  Bikini  type  aluminum  foil  diaphragm  meters. 

Fourteen  meters  were  loaded  with  0.0012" 
2SO  aluminum  foil  and  set  up  along  a  radius  at 
distances  from  15.3  to  70.0  feet  from  a  standard 
100-pound  charge  comprising  a  right  circular 
cylinder  of  cast  TNT  12"  in  diameter  and  16" 
high,  mounted  on  a  wooden  stand  with  the  center 
of  the  charge  5'  above  grade.  The  meters  were 
oriented  “side-on,”  i.e.,  faced  90°  away  from 
the  explosion.  Five  shots  were  made.  Peak 
hydrostatic  or  “side-on”  pres.sures  at  each  dis¬ 
tance  were  determined  from  the  pressure- 
distance  function  given  for  the  standard 
charges  in  Ref.  (6),  except  that  for  distances 
less  than  30  feet,  the  data  was  extrapolated,  the 
equation  P  =  10,060  ^0'  "''  (in  which  P  is  peak 
pressure,  p.s.i.  gage,  and  D  distance  in  feet) 
being  assumed  to  hold  true.  Readings  were 
taken  by  recording  the  number  of  the  smallest 


hole  in  which  the  diaphragm  was  ruptured  in 
each  meter.  These  readings  were  as  follows : 


Mean 

(li.stanee 

feet 

Known 

blnst 

pressure, 

p.s.i. 

Number  of  smallest  diaphrapm  broken 

Arithmetie 

mean 

diameter. 

inches 

Shot  1 

Shot  2 

Shots 

Shot  4 

Shot  5 

15.3 

75.0 

14 

14 

14 

14 

14 

0.166 

17.2 

61.3 

14 

11 

13 

14 

14 

.205 

20.2 

45.7 

10 

11 

10 

11 

11 

.355 

22.6 

37.5 

10 

11 

9 

10 

11 

.391 

26.0 

29.3 

9 

10 

10 

10 

10 

.423 

29.9 

22.9 

8 

8 

7 

8 

9 

.631 

33.7 

18.5 

7 

8 

7 

6 

7 

.790 

38.0 

14.S 

4 

6 

6 

6 

6 

1.095 

41.7 

12.6 

4 

6 

4 

5 

G 

1.258 

46.9 

10.3 

4 

4 

4 

4 

4 

1.540 

63.9 

7.9 

4 

4 

3 

1 

4 

1.616 

57.9 

7.0 

2 

2 

3 

3 

3 

2.112 

64.2 

5.8 

1 

2 

1 

2 

1 

2.760 

70.0 

6.0 

'  1 

1 

1 

2 

1 

2.880 

The  right-hand  column  of  the  above  tabula¬ 
tion  contains  the  arithmetic  mean  of  the  small¬ 
est  diameters  ruptured  at  each  distance.  The 
arithmetic  mean  is  considered  to  be  that 
diameter  which,  were  it  present,  would  be  most 
frequently  the  smallest  one  ruptured  by  the 
pressure  existing  at  a  given  distance.  When  the 
arithmetic  mean  diameters  are  plotted  against 
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pressure  on  logarithmic  paper,  the  points  lie 
approximately  along  a  straight  line;  hence  a 
function  of  the  form  P  =  aD**  (where  a  and  b 
are  constants)  was  assumed  to  hold  true.  The 
constants  were  calculated  by  the  method  of 
least  squares  and  were  found  to  be :  a  =  14.62, 
b  r=  -0.942.  From  this  equation,  the  pressures 
corresponding  to  the  actual  hole  sizes  in  the 
meter  were  calculated  to  be : 


H<fle  number 

Hole  diameter,  inches 

Pressure, 

1 

3.00 

5.20 

2 

2.40 

6.41 

3 

1.92 

7.90 

4 

1.54  ‘ 

9.74 

5 

1,24 

11.95 

0 

.984 

14.8 

7 

.781 

18.6 

8 

.625 

22.8 

9 

.500  . 

28.1 

10 

.404  1 

34.3 

11 

i  .323  ' 

42.4 

12 

.257 

52.6 

1,3 

.2055 

65.0 

14 

.166 

79.0 

These  pressures  are  considered  to  be  those 
which  must  exist  if  the  corresponding  hole 
diameters  are  those  most  frequently  the  small¬ 
est  ones  ruptured.  In  measuring  blast  pre.ssure 
at  a  point  with  a  single  meter,  the  smallest  hole 
ruptured  is  regarded  as  the  size  most  fre¬ 
quently  the  smallest  ruptured,  whence  the  most 


probable  pressure  is  that  given  above  for  the 
corresponding  size  of  hole.  If  a  number  of 
meters  were  placed  at  the  same  distance,  an 
arithmetic  mean  smallest  hole  ruptured  could 
be  determined,  from  which  a  more  probable 
pressure  could  be  calculated  from  the  formula 
P  -  14.62D  By  placing  a  number  of 

meters  on  a  radial  line  and  plotting  the  diam¬ 
eters  of  the  smallest  holes  ruptured  versus 
distance  on  logarithmic  paper,  an  average 
straight  line  may  be  drawn  from  which  mean 
diameter  may  be  picked  off  for  each  distance, 
whence  pressure  may  be  calculated  from  the 
formula.  However,  by  plotting  the  pressures 
from  the  table  above  for  each  hole  diameter 
directly  against  distance,  an  average  straight 
line  may  be  drawn  which  gives  pressures  at  all 
distances  very  close  to  those  calculated  from 
the  formula  using  the  mean  diameters,  and  a 
step  is  saved. 

2.  Aberdeen  paper  blast  meters. 

The  calibration  was  performed  in  the  .same 
manner  as  for  the  aluminum  foil  meters,  except 
that  two  lines  at  right  angles  were  used,  16 
meters  on  each.  Tabulations  of  the  readings 
and  of  the  resulting  pressure  corresponding  to 
each  hole  diameter  are  given  in  the  accompany¬ 
ing  table.  The'  equation  determined  was 
P  =  2.305D 


[icKKltf  of  cjlibratioti  sliotn,  jmiior  hloKt  wctem 


Known 

Diameter  ot 

smallest 

hole  broken. 

inches 

i  Arithmetic 

I)i*:ance, 

?«et 

peak  blast  1 
pressure, 
p.s.i. 

Shot  1 

Shot 

2 

Shot 

3 

Shot  4 

Shut  5 

mean 

(Kameter. 

inches 

liinc  1 

Line  2 

Line 

1 

Line  2 

Line 

1 

Line  2 

Line  I 

Li 

ine  2 

ijino  I 

Line  2 

40 

13.5 

10 

10 

10 

9 

9 

10 

9 

9 

10 

10 

0.302 

45  - 

n.o 

9 

10 

9 

9 

9 

10 

9 

9 

9 

9 

.354 

50 

9.1 

9 

9 

10 

9  1 

9 

9 

9 

9 

9 

9 

.367 

5  5 

7.(5 

9  1 

9 

9 

9 

.380 

(50 .  .  . 

1  Ti.O 

9 

9 

D 

9 

9 

S 

9 

9 

9 

9 

.392 

70. 

4.9 

H 

9 

9 

S 

R 

s 

X 

7 

H 

9 

.489 

SO 

3.H5 

7 

7 

H 

7 

7 

7 

7 

7 

7 

7 

.725 

0,5  . 

2.K2 

7 

7 

7 

7 

< 

7 

7 

7 

7 

7  1 

.750 

110... 

1  2.19 

6 

7 

6 

7 

6 

7 

0 

6 

(5 

6  ' 

.963 

130 

l.fi7 

6 

6 

5 

.5 

6 

6 

."> 

5 

6 

5 

1.228 

150 . 

1.26 

5 

6 

5 

4 

5 

6 

.5 

5 

5 

5 

1.466 

170  ... 

1  1.02 

5 

fi 

4 

4 

3 

4 

4 

4 

5 

4 

1.897 

200  .  . 

1  .76 

4 

4 

4 

4 

4 

3 

4 

3 

3 

3 

2.332 

230 

.59 

.3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

2.820 

200. 

.4S 

3 

3 

2 

1 

2 

2 

2 

3 

2 

2 

3.814 

300 

.,37 

2 

2 

1 

2 

1 

1 

3 

3 

3 

1 

4.309 

350 

.2s 

0 

2 

9 

1 

0 

1 

1 

0  i 

CALIliRATlON 


Hole  No. 

...I  1 

2  1 

i  3 

4  1 

1  5 

6 

7 

8  1 

’  9 

10 

Dinmeier.  inches 

. .  {  5.65 

4.00 

2.83 

2.00  1 

1  1.38 

1.00 

0.76 

0.50 

0.38 

0.25 

I’n-s'ure.  p.s.i. 

.26 

.38 

.60 

.94 

1.53 

2.30 

3.34 

5.64 

8.16 

13.75 
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